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ELECTRICAL CONTROL OF RHIZOID FORMATION IN THE 
RED ALGA, GRIFFITHSIA BORNETIANA* 

By victor SCHECHTER 

{From the Department of Biology of The College of the City of New York, 

New 1 ork) 

Plates 1 and 2 

(Accepted for publication, March 24, 1934) 

I 

INTRODUCTION 

The sigmficance of electncity m basic vital activities has been the 
subject of much speculation ever smce potential differences were 
detected m living organisms Among other thmgs, fundamental 
guiding powers in morphogenesis have been ascnbed to electncal 
forces This paper is concerned with the use of electric current m the 
analysis of organic polanty Experimental work of this kmd also 
shows promise for a proper evaluation of electncal energy m life 
phenomena 

Investigation along this line may be traced to the observation of Elfving (1882) 
who found that the radicles of most seedlings will turn and grow toward the 
cathode Lowenherz (1908), early m the present ccntur> contnbuted the next 
significant forward step when he pointed out that the onentation of seeds germi 
nating in an electncal field affected the rate of growth These tuo workers dera 
onstrated the polar action of the current and polanty in the organism 

Mathews (1903) measured potential differences in the hydroid Tubularia and 
found the pol>p surface to be electronegative to the stolon surface On the basis 
of this and other work he suggested that **the physiological polantj of the erabrjo 
or adult IS due m a measure at least to the electncal differences or currents set up 
b> an unequal degree of activity in the protoplasm at different regions These 
currents traverse the surrounding protoplasm or cells and like any constant 
current apphed from outside polanze the protoplasm or cells m a definite way, 

• I wish to express mj thanks for grants from the D>ckman Fund of Columbia 
XJmversity and the Bio Club Fund of the College of the City of New York, and 

toDr L G Barth, in> grateful acknowledgment for kindl} criticism and unfailing 
mteresk 
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causing alterabons m their metabolism, and in the distribution of the cell con- 
tents ” 

In 1920, m a bnef but interesting note Ingvar states that v eak galvanic cur- 
rents of the same order of magnitude as biocicctnc currents noniiall> reported 
for embrjos, vtU affect the nature and direction of outgro/ th of chick nerve cells 
in vitro Here for the first time there is erpenmcntal evidence for the correlation 
claimed betveen electncal forces and normal formative processes The most 
extensive vork m mvestigating this phenomenon has been done voth hv droids 
Lund published a senes of papers (1921-1924) shoving that cathodal inhibition 
of pol 3 -p production b> Obeha intemodes takes place in a range of 53 to 130 micro- 
amperes per sq mm of cross-section of sea v ater It also appeared that the more 
apical mtemodes which are electncallj' more positive have a greater pover of 
resistance to the inhibition Lund suggested that inhibition of regeneration is 
due to reversal of the inherent bioelectnc potential In a further analysis of this 
relationship Barth found that electncal reversal of physiological and structural 
polanty, m Tubularta, is indeed accompanied by a change in direction of the 
bioelectnc current But Barth (1934) pomts out, in a tabulation of the results 
•with -vanous speaes of hy droids used in his own and in Lund’s work, that inhibi- 
tion occurs m some forms at the anode and m some at the cathode, also that the 
sign of the inherent current at the apical end of the hy droid vanes vrlh different 
forms It was also found that m Tubularta reversal of the pole at v hich inhibition 
occurs appears vrth high currents Thus the simple explanation offered by 
ilathews, and hitherto accepted, becomes untenable The possibibty is even 
mtroduced that the bioelectnc current is perhaps more of a symptom than a cause 
of physiological dominance 

It appears that plants, particularly because of their simpler sym- 
metry, would be likely to give a clearer msight mto the nature of the 
action of a bipiolar force such as electnaty Besides, electncal modifi- 
cation of polarity in differentiated plant thalh^ had never been dem- 
onstrated and before any very general conclusions are drawm, or any 
very fundamental significance attached to electncal action, a broader 
experimental basis is desirable The experimental part of this paper 
is offered as a step m this direction 

n 

Material and Methods 

Explorative experiments vere performed upon several likely’ speaes of algae 
and hverworts I wish to report m this paper the results obtamed with the red 

^ Limd (1923) has shown in the Fuciis egg that the first cleavage plane becomes 
onented in relation to the electnc field 
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alga, Grtffithsxa horneiiana Farlow, as this form responded most clearl> and com 
pletely to electrical stimulation The work was done at the Manne Biological 
Laborator> at Woods Hole durmg the summers of 1932 and 1933 

Grtffithsia thalli usually develop from spores After several nuclear divisions 
the spore cleaves once to form the rhizoid and then agam to form the shoot (Fig 1} 
Under laboratory conditions this occurs withm a day after the spores are shed 
and at this time the normal polarity of the plant is already established The 
mature thallus consists of branched chams of large club shaped multmucleate 
cells (Tig 2) which vary m size from about 0 06 mm m diameter at the apex to 
0 65 b> 2 5 mm at the base The anterior posterior attr is clearly marked by the 
distinctive dub shape with v-adcr portion at the apex. Each cell contains from 
12 to 4,000 nudei (Lewis 1909) dependmg upon its age The older basal cells 
produce long hair like rhizoids which serve to attach the plant (Fig 3) The 
cell possesses a cellulose waU v-hich endoses a thm cytoplasmic layer contammg 
the nudei, chromatophores, and other formed bodies The chromatophores are 
most numerous They are 50 to 100 times as plentiful as the nudei The bulk 
of the cell consists of the large central vacuole Pores bordered by a thickened 
layer of cytoplasm, lead from one cell to another The diameter of the pores is 
about 10 miaa three times that of nuclei or chromatophores Rhizoids ongmate 
as an accumulation of protoplasm and a concentration of pigment which pushes 
out at the head of a tubular prolongation of the vacuole of the mother cell New 
shoots, on the other hand, are at once separated from the parent cell by cross 
walls 

The material used m the experiments was obtamed m the tide wash at Nobska 
P omt It IS first found about the middle of J'dy nnd becomes scarce agam toward 
the middle of August As the season draws to a dose larger numbers of rhizoids 
are present on freshly collected material IVhfie rhizoid formation is normally 
a feature of the basal ends of the basal cells, this secondary proliferation is often 
from the apical poles of medial and near basal cells and occasionally even well 
up m the apical region. The displacement of rhizoids from their normal position 
IS regarded by Child (1917) as an indication of the reversal of physiological polarity 
and may be experimentally produced, as he showed 

Under laboratory conditions dissoaation of the plant mto smgle cells or chains 
of cells occurs commonly withm a few days The plant may then form new 
rhizoids and shoots It is interesting that these rhizoids are often m an apical 
position upon the cells IVhile continued growth is very limited m the laboratory 
dissociation is regarded by Tobler (1906) as a normal means of propagation m 
nature 

For the purpose of the expenraent a smgle plant ^vas cut mto small fragments 
which were exposed to direct galvanic current The central part of the apparatus 
was a glass dish with slopmg bottom to yield currents of %'arying intensity The 
plant fragments were tied with strips of cellophane to glass cover shps and these 
^ere rested below the surface of the water upon honrontal glass rods Sea water 
dripped contmuously mto the dish at one end and was automatically siphoned off 
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at the same rate at the other end A complete change of water took place in this 
way about once every hour Lighting was obtained from a 200 watt bulb sus- 
pended about a foot and a half above the plants By means of a dish of water 
and a ground glass plate, overheating was prevented and the light diffused Ihe 
temperature was usually maintained at 22-23°C but rose occasionally as high as 
26-27°C because of diflicultics with water circulation The electric current 
was led into and out of the experimental dish through 2 per cent agar bndges 
made up in sea water These connected with Zn-ZnSOi electrodes Ihe bridges 
were changed twice daily It was found by tests with phenol red that this vas 
ample to prevent contamination of the central dish with acid and basic products 
of electrolysis 

The typical procedure is illustrated m the following experiment The material 
was collected on the morning of August 26, 1932 A medium sized sporic form 
m good condition and bearing no rhizoids except upon the basal cells was cut into 
eighteen fragments of 100 to 200 cells each These were arranged in three rows 
of four fragments The depths of 1 5, 3 3, and S 3 cm in the cxpenmcntal dish 
at these positions juelded current densities of 38 5, 17 5, and 10 95 with a total 
current flowing of 100 milhampcrcs Six fragments were retained as controls 
under identical conditions of lighting, temperature, and water The electric 
current was started at 10 30 am and continued without interruption, except 
when the agar bridges were changed, until August 29 at 4 p m Results were 
recorded immediately after the experiment 

III 

EXPERIMENTAL 

The following observations will serve to indicate the general nature 
of the results With 38 55 plants with apexes toward the anode 
showed, in the larger cells, an accumulation of chromatophores in the 
apex of each cell (Fig 4c) In cells which lay across the current the 
accumulation was at that side of the cell toward the positive pole, and 
in those with bases toward the anode chromatophores had accumulated 
basally (Fig 45) A color effect, distinct from that caused by the 
shift in chromatophores, was also observed In the filaments as a 
whole the cells toward the cathode were much more pink than those 
toward the anode which were paler and often of a tan shade 

The most striking result of electrical treatment was the effect upon 
rhizoid origin All rhizoids arose toward the anode regardless of the 
polarity of the cell Cells with base toward the anode presented, 
therefore, a fairly normal appearance In those onented in the oppo- 
site direction rhizoids arose from the cell apexes (Fig 5) The camera 
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luada sketches (Text-fig 1) are of ceils lying m various positions in 
the field 

At the current intensity of 17 5! results were sunilat in every way to 
those above but less marked In those plants with apexes toward the 
anode the rhizoids were practically all apical in the apical region, 



Text Fio 1 Camera luada sketches of cells Ijung m various onentations in 
the electrical field to show effect upon rhizoid ongm 

variable m ongm in the near basal cells, and m the normal basal 
position upon the basal cells With 10 9J the chromatophore shift 
was absent, the color change slight, and the rhizoids, as with 17 55, 
were not all electncally determined It was interestmg to note also 
that rhizoids were successively fewer m the 38 5, 17 5, and 10 95 cur- 
rent zones 
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A Effect of the Electric Current upon Rhizoid Origin 

In 1932 thirteen experiments of the kind descnbed above were 
performed and it became evident that with proper current intensity 
the origmal polarity of the plant with regard to rhizoid formation v as 
completely obliterated It was found that the current first became 
effective m this way at about 105 and that rhizoid detemunation was 
complete between 19 and 406 Usually m any one experiment quanti- 
tative determmation proved unnecessary, it bemg evident by inspec- 
tion that rhizoids were completely, or with only few exceptions, orien- 
ted toward the anode When the experiments are considered to- 
gether it may be seen that a similar effect may be produced ivithin a 
wide range of current mtensity, apparently due to variability m the 
condition of the matenal In six experiments, for example, observa- 
tions were made between 30 and 405 and it was found that complete 
rhizoid determmation occurred in four cases, a few exceptions were 
observed m one case, and there was no effect upon rhizoid origin m one 
Two experiments both showed complete rhizoid determination be- 
tween 20 and 305 Between 10 and 206 complete determination re- 
sulted m two cases, determmation with occasional exceptions in ten, 
and there was no effect m three Below 105 there was no effect in any 
out of three cases 

The influence of the electric current upon rhizoid origm was found 
to be so definite that few counts of rhizoids were made in 1932 In 
matenal collected late m the season there is, however, a natural 
tendency to produce rhizoids m an apical position upon the cells and 
this may confuse the results with electncal treatment As has already 
been pomted out. Child (1917) believed reversal of rhizoid position 
to be an mdication of physiological reversal of polanty, and found that 
“mhibitmg agents” were able to bring this about It has also been 
noted that laboratory conditions are harmful to Grifflthsia and would 
be expected, therefore, especially when the matenal is m poor condi- 
tion, to produce the same effect as specific inhibiting agents In 
Table I, where there is a decided tendency in the controls toward 
apical rhizoid production, there appears to be little determinative 
effect of the current except at 395 In Table II the results of two 
experiments performed early m 1933 are presented The rhizoids 
produced by the controls were basal, with few exceptions 
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B Frequency of Rhtzoid Producitmi in Relation to Current Intensity 

It IS of obvious importance to find out whether the determmative 
effect of the electncal current is due simply to an mhibition of rhizoid 
production toward the cathode If this were the case we should expect 


TABLE I 

Efect of the Electric Current on Rhtzoid Origin in Grifithsia 
Experiment N, 1932 


Apex toward + 

j Apex toward — 

Current 

Aplc&l rUtoids 

Basal rbizolds ; 

Basal rhizoids 


deniity 

(toward +) 

(toward — ) | 

(toward +) 

(toward — ) 

i 

39 

All (100 per cent) 

■H 

27 

10 (27 per cent) 

12 

25 ( 62 per cent) 


19 

6 (24 per cent) 

10 

20 ( 59 per cent) 


11 

7 (37 per cent) 


Controls 55 apical rhizoids (50 per cent) and 37 basal rhizoids (40 per cent) 


TABLE n 

Efect of the Electric Current on Rhtzoid Origin in Gnfithsia 
Experiments I and 2 1933 


Experiment 

No 

Current density 

No of cells 

1 No of rhizoids 

Toward — 

Toward + 

ToUl 

Rhizoids 
toward + 


a 





ptretnS 

1 

13 0 

514 


91 

97 



20 0 

316 


117 

120 

97 5 


30 0 

277 


180 

180 

100 0 


0 0 (controls) 

661 



134 



20 8 

99 


54 

57 

95 0 


31 2 

86 


70 

71 

99 0 

■ 

0 0 (controls) 

175 

■■ 


S3 



cells onented with base toward the cathode to show no rhizoids at all 
However, the data show that not only are rhizoids mvanably produced 
at the apexes of such cells, but the number of rhizoids may increase 
with nse m current mtensity Four experiments of 1933 are pre 
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sented from the latter viewpoint in Table III It may be of signifi- 
cance that in the first two, performed early m the season, the nse m 
number of rhizoids is most marked and in the last two, performed 
toward the end of the season with material presumably m poorer 
condition, the rise is slight In the range covered by Table III there 
IS practically complete determination of the place of rhizoid ongin 
Beginning at about 405 or somewhat below, depending probably 

TABLE III 


Ejfect of Increase m Cnrrcnl Density upon the Number of RJiizoids Produced 


Experiment No 

Current density 

No of cells 

1 

No of rluroidi 

Rhizoids 


6 



per cent 

1 

0 

661 

134 

20 3 


13 

517 

97 

19 


20 

316 

120 

38 


30 

277 

180 

65 

4 

0 

175 

S3 

30 


20 8 

99 

57 

57 5 


31 2 

86 

71 

79 

10 

0 

384 

52 

13 5 


IS 

120 

23 

19 2 


21 7 

137 

27 

20 


32 5 

134 

21 

15 7 

13 

0 

275 

59 

21 5 


7 9 

187 

31 

16 7 


13 

175 

41 

23 5 


17 8 

165 

39 

23 7 


33 8 

237 

53 

22 5 


upon the condition of the matenal, the current produces injury and 
eventually death 

C Polanty tn Rhtzoid Shviulahon 

It was frequently noticed that a greater number of rhizoids was 
produced by plant fragments oriented with apex toward the anode 
than by those oriented the opposite way The results of three 
experiments are summarized in Table IV It may be seen that 
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plants with apex toward the anode produced 29 9 per cent rhizoids 
/■Number of rhizoids\ , , 

\ 'NumFor'of ceils / toward the cathode pro- 

duced 18 per cent and the controls 15 4 per cent In order to show 
that when the apex is toward the anode there is actually a larger 
amount of rhizoid matenal produced and that the increased percent- 
age IS not due to the production of a large number of dwarfed rhizoids, 
the average measured length of the rhizoids is given m the fourth 
horizontal row, the total calculated rhizoid matenal m the fifth, and 
the amount of rhizoid per cell m the sixth 
The significance of these results is obscured by several factors 
Under natural conditions Grtffithsia cells produce rhizoids at their 

TABLE iv 

Polarity in Rhtj^ Stimulation 

Effect oj Orientation oj Matenal upon Number of Rhtsotds Produced AH Rhizoids 


Are Formed toward the Anode 


1 

CoBUols 



No ofrhuoids 

220 

309 

175 

No of cells 

1,428 

1,033 

973 

Rhizoids produced percent 

15 4 

29 9 

18 0 

Average length of rhizoids ti 

1 090 

1,165 

1 230 

Average length X No of rhizoids 

244,000 

337 000 

213 000 

Amount of rhuoid/cell 

170 

326 

220 


basal ends With poor matenal collected late m the season, or ma- 
tenal grown under the adversities of the laboratory, or after the addi- 
tion of specific inhibitmg substances there is a tendency toward the 
upset of normal polanty and rhizoids are frequently produced m 
apical positions upon the cells Is the apical stimulation of rhizoids 
in an electncal field an mdication of adverse conditions? This docs 
not appear to be the case The first action of electnaty is to deter- 
mme the site of rhizoid ongin In plants turned with base toward 
the anode all rhizoids ongmate, without exception, at the basal ends 
of the cells, t e toward the anode, while in plants lying alongside but 
oriented the opposite way all rhizoids are apical The action of elec- 
tnaty IS clearly the detenninmg factor Therefore, the relative 
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stimulation of amount of rhizoid material in plants with apexes toward 
the anode should be regarded as a continuation of electncal action 
This conclusion is supported by the fact that regardless of the natural 
rhizoid-producmg tendency of the controls which may be basal or 
apical, the same polar stimulation of electricity is present 


D Other Data Relating to the Action of Electricity 


In some experiments there appeared to be a correlation between 
size and frequency of rhizoids In Text-fig 2 such a case is presented 


Per cent 




Current density 

Text-Fig 2 Inverse relationship between rhizoid frequency and size, in the 
current range effective for determining rhizoid ongin 


Below 135 there is neither anodal detennmation nor mcrease in 
number of rhizoids above the controls This portion of the curve is 
therefore disregarded for the present purpose The decrease m size 
which sometimes accompames large stimulation m number with high 
currents suggests that a limited amount of matenal is available In 
Text-fig 3 evidence is given that the number of rhizoids produced 
depends also upon the time of current action For example, a current 
of 505 actmg for 24 hours had the same effect as one of 225 actmg for 
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72 hours These facts are in accord with the suggestion that the 
current acts upon some matenal withm the cell If this is so, it 
should be possible by reversmg the direction of the electncal flow to 
reverse the movement of the affected matenals The followmg data 
(Experiment 18, 1933) are illustrative of attempts m this direction 
A current of 60J was allowed to act for 29 hours and then reversed 
for 36 hours Thirty one rhizoids were produced Fourteen were 
Per cent 



Current density 

Text Fig 3 Increase of number of rhizoids with greater duration of electncal 
treatment , 

toward the ongmal anode and seventeen were formed m response to 
the reversed current In the same experiment at 155, out of thirteen 
rhizoids only one seemed to be determined by the reversed current 
There were two groups of controls In one the matenal was treated 
with the current m the same direction for the duration of the expen- 
ment Thirty rune out of forty-one rhizoids were produced toward 
the anode In the untreated controls rhizoids were practically all 
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in basal positions upon the cells In another experiment it was 
especially noted that after current reversal the same cells which have 
already produced rhizoids may respond to the reversed current and 
will then show rhizoids at both apex and base In Table V are sum- 
marized the results of three experiments m which the current was 
reversed 

E Ejffecl of the Electric Current upon the Cell Contents 

The coappearance of morphological and electrophoretic phenomena 
IS of great interest and possesses a certain theoretic value m that it 
mdicates the actual penetration of the cell by sufficient current to 


TABLE V 

Ej^ect of Reversal of Current upon Rhizmd Origin 


Experiment 

No 

Current 

density 

Time 

Rhizoids toward 
anode 

Current reversed 

Rhizoids toward 
anode of re 
\ ersed current 


S 

hrs 


hrs 


18 

IS 

29 

12 

36 

1 


60 

29 

14 

36 

17 

21 

14 5 

24 

10 

48 

16 


30 6 

24 

6 

48 

43 

10 

24 

43 

49 

69 

5 


15 

43 

12 

69 

9 


12 5 

43 

22 

69 

10 

1 


produce displacement of formed bodies At this time, m view of the 
probabihty shown by the data that the current acts by moving some 
material within the cell, work is offered which was designed to deter- 
mme whether there is any causal relationship between rhizoid deter- 
mmation, the movement of chromatophores, and the color effect 

1 Color Changes m Grtffithsia Cells 

Freshly collected GnffitJma, m good condition, is pmkish lavender 
m color The pigment is contamed m the chromatophores After 
the plants have remamed m the laboratory for a few days the color 
fades to a pale straw, and when the cell dies it soon becomes entirely 
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green One of the cntena of good condition is color Matenal which 
IS pale when collected was found to be less viable than that more 
brightly colored If a cell is mjured by mechanical or other means a 
temporary flush of pink can be seen as the chromatophores release 
their pigment (Also descnbed by Osterhout, 1916, 1922 ) On 
standmg such cells become entirely green after a few hours, due to 
the escape of the red pigment to the surroundmg sea water 

(а) In the Elccirical Field 

In the electncal field, as reported above, the color of the filaments 
often became graded from bnght reddish lavender toward the cathode 
to pale straw at the anode The question of course at once arose 
as to what this effect meant in terms of electncal action and what 
significance it had for rhizoid formation The work of Pnestley and 
Swingle (1929) m which it is claimed that a causal relationship exists 
between a pH gradient and the differentiation of cambium mto phloem 
and xylem and also the differentiation of shoot and root, seemed sug- 
gestive The possibihty presented itself that the color gradient m 
Gnffithsia represented a pH change 

In view of the fact that chromatophores migrate in an electncal 
field It was necessary first to rule out changes m concentration of these 
bodies as the cause of the color effect This could easily be done 
The greater mtensity m color appeared toward the cathode and graded 
off from cell to cell through the filament as a whole On the other 
hand, chromatophores collected toward the anode and aggregation 
was observed m each cell Also, with the microscope no difference 
m the number of chromatophores could be detected from cell to cell 

( б ) W dh Acids and Bases 

In order to see whether the color changes produced electncally 
could be reproduced by the use of aads and bases, crude tests with 
high concentrations of aads (HCl, propiomc, carbonic, etc) and 
bases (NHiOH, NaOH) were made The color of the cells became 
altered to pink and green, respectively The followmg results are 
typical 3 to 6 drops (about i cc ) of N NaOH added to 10 cc of sea 
water contammg Gnfilhsia cells resulted m a change to a bright pink 
color which immediately turned to green The effect was reversible 
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witli HCl An excess of acid left the cell bright pink In distilled 
water the cells reddened distinctly within 5 minutes 1 drop of n 
NaOH was then sulhcient to turn them green, 1 drop of HCl returned 
them to lavender, and 2 to 3 drops caused a pink appearance 

In experiments with currents as high as 5005 in a miniature appara- 
tus on the stage of a microscope no diange in color occurred within the 
tune of observation (i c , several hours) Mechanical injury under 
these conditions resulted in the appearance after a few minutes of a 
bnlliant pink color toward the cathode and green toward the anode 
The colors were like those which resulted from treatment vuth strong 
acid and base, respective!}' With reversal of the current the colora- 
tion of the cell across a diameter of 0 5 mm became reversed in 2 to 3 
minutes 

The need for large pH changes or injury in an electneal field of rela- 
tively high intensity in order to produce color effects in the cells was 
puzzimg in view of the changes obtained with small currents actmg 
for several days vithout detectable injur}' The follov'ing experi- 
ments were performed to throw light on this question 

Sea water was made up ivith acids and bases of the kinds used 
above to pH 4 to 11, m steps of approximately one half of a pH unit 
Plant fragments were placed m these media for 3 to 4 days in this 
way the exposure was comparable with that to the rhizoid-determmmg 
electric current It was found that m the non-lethal range of 6 to 11 
no color change occurred To decide whether penetration of aad or 
alkali took place in the non-lethal pH range use was made of the Gru- 
bler dyes, Cresylecht violet, bnlliant vital red, and brilliant cresyl 
violet, which were kindly given to me by Dr Josef Spek Brilhant 
vital red gave a ready answer This dye was taken up and concen- 
trated in the cell vacuole m a short time Stained cells placed m 
media of pH 6 to 11 changed color m a few mmutes mdi eating rapid 
penetration It may be suggested that, barring injury, the action of 
the morganic acids and bases may be through the penetration of COj 
w’hich would be released by addmg HCl, for example, to sea water 
Inorganic alkali might cause CO 2 to come out of the cell This is an 
mterestmg pomt but does not alter the conclusion that the natural 
pigment of the cell is not responsive to these changes in pH It is to 
be concluded therefore that the natural pigment of the cell is rela- 
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tively insensitive to changes in acidity from 6 to 11, and as the cell 
■will not survive a more extreme range the color changes m non lethal 
electnc currents cannot be due to changes of pH -withm the cell 
From these experiments it seems that the followmg factors are 
responsible for the color change which appears together with rhtzoid 
determmation Chromatophores m cells toward the anode suffer a 
loss of pmk pigment which makes these cells paler m color The 
pigment moves toward the cathode from cell to cell and collects in 
cells lymg toward this pole It is suggested that the alteration m 
chromatophores may be of a cjrtolytic nature and is due perhaps to a 
change m salt concentration Hypotoniaty by exposure to distilled 
water causes loss of pigment In the case of the electnc current it is 
likely that salts are concentrated toward the anode and cytolysis 
may be the result of hypertomaty m this region Such change in 
salt concentration must come from withm smce the cell retams full 
turgidity mdicatmg that semipermeabihty is unimpaired 
It was sho'wn that chromatophores of pale cells contain less pig- 
ment, by crushmg under a cover slip Little pigment escaped from 
these whdethe bnghtly colored cells yielded a distmct flush of diffusmg 
pigment 

Z Movement of Chromatophores 

With regard to the movement of chromatophores withm each cell 
toward the anode and the relation of this to anodal production of 
rhizoids it was decided that chromatophore displacement by centrif- 
ugal means was the best method of attack 
An electnc centnfuge which earned four tubes was used The 
radius of rotation was 19 cm In two tubes the matenal was placed 
■with the plant apexes outward, » e centnfugally, and m the alternate 
two in the opposite direction 

In the first experiment the matenal was rotated at a speed of 800 
to 900 revolutions per mmute (approximately ISO X gra^vity) for 24 
hours The first signs of stratification became visible after about 
20 rmnutes After the centnfuge was stopped stratification (Fig 6) 
persisted for several days 6 days after centrifugation it was observed 
that m the matenal ■with apex centnfugally onented many 3 celled 
shoots had developed Those which had been placed in the opposite 
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orientation in the centrifuge had few shoots and these consisted of 
only one or two cells Rhizoids had developed on both sets but were 
larger and more numerous m those cells where the contents had been 
thrown basally 

In another experiment these results were confirmed and the distn- 
bution was recorded (Table VI) 

Where the cell bases were onented centnfugally the average size of 
thirteen rhizoids was 2,250 /i, where onented centnpetally the average 


TABLE VI 

Effect of the Centrifuge on Size of Apical Shoots 


No of cells 

Material thrown into apex 

Material into base 

per shoot 

No of shoots 

Total No of 
cells in shoots 

A>erage length 
of shoots 

No of shoots 

No of cells 
m shoots 

Length 




tntcra 



micra 

1 

2 

2 

no 

7 

7 

no 

2 

11 

22 

352 

10 

20 

264 

3 

9 

27 

526 

3 

9 

330 

4 

2 

8 

1,073 

0 

— 



Total 

24 

1 

59 


20 

36 



TABLE vn 


Effect of the Centrifuge upon Place of Origin of Shoots 



No of 
plant 
fragments 


No of 
apical 
shoots 

Basal 1 
shoots 

Apical 

rhizoids 

Basal 

rhizoids 

Cell contents thrown apically 

20 

559 

176 

7 

26 

91 

Cell contents thrown basally 

18 

326 

64 

76 

27 

35 


size of ten was l,440/i In the controls the average length of five 
rhizoids was 2,250fx and of ten 3-celled shoots was 930fi 
These results show that with centrifugation relative inhibition or 
stimulation of shoots and rhizoids at the respective poles of the cells 
may occur In the next experiment centnfugation was for 22 hours 
at an average speed of 850 r p m Results were recorded after 7^ 
days and are presented in Table VII Fig 8 shows some of the shoots 
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■which -were displaced to the basal position and Fig 7 is of matenal 
which had been centnfuged apically 

Thus both the galvanic current and the centnfuge are capable of 
moving chromatophores In an electnc field they collect toward the 
anode Under the influence of the centnfuge they sink to the centrif- 
ugal pole On the one hand the region of their accumulation is asso 
ciated with rhizoid formation and on the other with shoot production 

IV 

CONCLUSION 

The centnfuge and the electnc current both appear to produce their 
morphogenetic effects by movmg some matenal component of the 
cell Doubtless, the fractionatmg power of these two forces is difier- 
ent, both in kind and m degree In the case of the centnfuge lighter 
and denser matenals are separated from water and substances m 
solution The formation of new shoots seems assoaated rvith the 
region where heaner bodies are concentrated It may be of some 
significance m this relation that differentiation of menstematic cells 
and the accompanying loss of formative power normally appear to 
be assoaated with ddution of the protoplasm and the formation of 
large water vacuoles Optically at least, the centnfuge reverses this 
process and it may act as a mechanical means of movmg water away 
from the centnfugal, shoot producmg pole The possibility is there- 
fore suggested that water removal and protoplasmic concentration 
may be the mechanism responsible for the results noted m the centn 
fuge experiments The activation of cells by plasmolytic removal of 
water seems to be a comparable case, and this has been demonstrated 
by Exeh (1909) ■with hverwort thalh, Miehe (1905) ■with Cladophora, 
Borger (1926) ■with mosses and ferns, and Prat (1932) ■with some ma- 
nne algae 

With regard to the movement of chromatophores m an electrical 
field the response may be sraular to the movement of plastids under 
the mfluence of hght and not due to clectncal motive power at all 
The evidence seems to pomt to an actual electrophoresis, however, 
m that the movement of chromatophores is more marked with increase 
m current mtensity up to and beyond the lethal point In tactic 
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phenomena such as response to light there is always, so far as I am 
aware, a point of maximal response sometimes followed by reversal 
with increased stimulation The conclusion that the chromatophores 
are moved by electrical forces is important m that it mdicates the 
penetration of the cell by suffiaent current to produce electrophoretic 
phenomena 

Any alteration m acidity m the cell would be of great significance 
because of the effect upon the viscosity and activity of the protoplasm 
Kuhne’s (1864) mterpretation of electncally produced color changes m 
Tradescanha cells as due to pH has been widely accepted, but the 
recent work of Blinks (1932) mdicates that a migration of the normal 
pigment is responsible for the observations Sumlarly, it has been 
shown m this paper that alteration of pH, although comparatively 
small changes have not been ruled out, cannot account for the color 
changes observed m Grtffithsia, as only by the addition of lethal 
quantities of acid or alkah could the color effects be duphcated It 
has been shown, moreover, that the red pigment of the chromato- 
phores can be released m large quantity by mechanical mjury and 
that the released pigment migrates toward the cathode This is 
suffiaent to account for the color changes, and has other sigmficant 
aspects, as follows 

The observed migration of small amounts of pigment m hvmg cells 
corroborates the conclusion that sufficient current traverses the cell 
to produce appreaable electrophoresis The loss of pigment by chro- 
matophores toward the anode seems exphcable on the ground of 
changes m concentration of salts Salt migrations under electrical 
mfluence are usual m inanimate systems and have also been postu- 
lated m hvmg cells Schemmzki (1924), for example, accounts for 
anodal preapitation of protems m trout eggs on the basis of loss of 
cations and the consequent effect upon the stabihty of the protem 
solution It IS suggested that some such phenomenon leadmg to im- 
pairment of the surface film of the chromatophores is responsible for 
loss of pigment 

The movement of chromatophores toward the anode, the movement 
of released pigment toward the cathode, the release of pigment by 
chromatophores at the anodal ends of the filaments together with the 
direct relationship of current mtensity to the number of rhizoids 
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produced, and the reversibility of the effects of the current here 
reported, all point to a causal relationship of rhizoid production in the 
electncal field to the movement of some material The results with 
the centnfuge make it qmte unlikely that the chromatophores them- 
selves are responsible It seems certam that less obvious imgrations 
are mvolved, and Hardy (1913) has shown that electncal displacement 
of granules may take place m hvmg matenal Some very suggestive 
work has been done by Spek (1933) on vanous mvertebrate and ver- 
tebrate eggs Dr Spek beheves that granules of vanous kinds and 
the medium are capable of maintainmg individual pH Such organ- 
ization of the protoplasm, he says, mtroduces wide possibihties for 
cataphoresis when we reflect that this system of differently charged 
particles is bounded by membranes m which defimte potentials have 
been abundantly demonstrated Cortical differentiation can be 
explamed at once m the sense that some particles will be attracted 
to and others repelled by the membrane, and with a heterogeneous 
membrane bipolar differentiation can also be accounted for 

If the differentiation of egg cells is an electrophoretic phenomenon 
due to the migration of charged particles under the mfluence of mem- 
brane potentials, may we not, m view of the evidence contained m 
this paper assume a similar mechamsm for the differentiation of 
rhizoids under the mfluence of an externally applied current? 

v 

SUMMARY 

1 Direct galvanic current of 10 to 40 imcroamperes per square 
millimeter of cross section of medium results in anodal determmation 
of rhizoid ongm m the differentiated cells of the red alga Grtffitlista 
bornetiana The current is most effective near the upper end of the 
range 

2 Withm the range used there is an mcrease m the number of 
rhizoids produced with mcrease m current mtensity and a decrease 
in size of rhizoids 

3 Currents of lower mtensity require a longer tune to produce these 
effects than comparatively high currents 

4 The onentation of the plants m the electncal field seems to affect 
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the number of rhizoids produced, m that plants wth apexes toward 
the anode produce more rhizoids 

5 Together with anodal rhizoid determmation there is migration 
of chromatophores toward the anodal side of each cell 

6 Displacement of chromatophores (and other cytoplasmic bodies) 
by the centnfuge does not affect the pomt of rhizoid origm, but does 
affect the shoots 

7 Together with anodal determmation of rhizoids the algal fila- 
ments become graded in color, from bright pink toward the cathode 
to pale tan toward the anode 

8 Evidence is presented to show that this is not due to a pH change, 
but to a loss of pigment by chromatophores toward the anode and 
electrophoresis of the pigment toward the cathode 

9 In conclusion the probabihty is pointed out that the current 
acts m morphogenesis by movmg particles of different charge 
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EXPLANATION OF PLATES 
Plate 1 

Fig 1 Early cleavage of Gnffithsxa spores a, begmnmg to elongate before 
first cleavage b, rhizoid formed c, polarity completely estabhshed s, shoot, 
r, rhizoid 

Fig 2 Apex of mature plant 

Fig 3 Base of plant with rhizoids ra normal position on cells 

Fig 4 Anodal accumulation of chromatophores o, apex toward anode 
b, base toward anode 

Plate 2 

Fig 5 Rhizoids m apical position toward anode a apex of cell b base 

Fig 6 Effect of centrifugation on cell contents a, apex centnfugally onented. 
b, base centnfugally onented 

Fig 7 After centrifugation Apex centnfugally onented Shoots m normal 
position 

Fig 8 After centrifugation Base centnfugally onented Shoots from cell 
bases a, apex of cell, b, base 
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Recent studies on the growth hormone of plants have indicated 
its very wide distnbution m both the plant and animal worlds Its 
function m promoUng growth by cell elongation, while so far as we 
know confined to plant tissues, is, nevertheless, of a completbly non- 
speafic nature Coleoptiles of Gramineae, stems of Commelma- 
ceae, flower stalks of Compositae, stems of Legummosae and the 
gynostemia of some orchids are all subject to the influence of the 
honnone, and, so far as cell elongation is concerned, are probably 
completely dependent upon it Nevertheless, the presence and 
quantity of the growth hormone m many plant tissues is difficult to 
estabhsh, largely because, although soluble m water, the substance 
appears not to be extracted on grmdmg the tissues with water Thus, 
Went (1928) was able to extract growth substance from coleoptiles 
of Avena by placmg them on agar but not by grmdmg with water 
In the course of various attempts to deteimme the growth substance 
m plant tissues, it was found that m general only small amounts 
could be extracted on grmdmg with water, while extraction with or- 
ganic solvents often yielded considerable amounts of the hormone 

Furthermore, it was shown m Fart I of this senes (Dolt and Thimann, 1932) 
that the growth hormone is a relatively strong aad, of pTC « 4 75, and hence it 
follows that m order to extract it m organic solvents the aqueous tissue must bo 
brought to ah} drogen ion concentration of at least 10~* It must also be re 
membered that the amount of growth hormone which will produce a curvature 
of 1® m a standard Arena coleoptile when present m rm agar block of volume 
10 7 mm • ( = one plant unit) is only 1/200 of the amount which must be pres 
ent m 1 cc of hquid, so that m order to detect the mmutc amounts of growth 
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substance present m coleopUles and sundar tissues, the extracts must be made 
up to as small a final volume as possible 

These considerations led to the following technique for extraction The fresh 
material is kiUed by immersing m chloroform, about one-fifth of its volume of 
1 N HCl IS added, and the mixture thoroughly ground The chloroform layer is 
separated off, and the aadified tissue ground twice more with chloroform Ether 
is not used on account of the destructive effect on growth substance of the traces 
of peroxide always present in ether (cf Dolk and Thimann, 1932) Smaller 
amounts of peroxide may also be present in chloroform particularly alter ex- 
posure to hght, but these amounts are usually too small to produce any appreci- 
able mactivation FmaUy, the chloroform is evaporated off and the lipoidal 
material taken up m a very small volume of water, usually 0 3 cc , and tested by 
adding an equal volume of 3 per cent agar, pipetting 0 5 cc of the mixture into 


TABLE I 

Comparison of Water and Chloroform Extractions 


Material 

Growth substance m plant units per gm 

1 or piece 

Ratio 

Growth substance in CHCIi 


CHClj 61:113011011 

HO extraction 

Growth substance in HsO 

Wheat germ 

320,000 per gm 

31,000 per gm 

10 

Pollen of Sequoia 

4,000,000 per gm 

160,000 per gm 

25 

Termmal buds of Vtcta 
faba 

46 1 per bud 

9 6 per bud 

5 

Coleoptile tips of 
Avena 

5 8 per tip 

4 7 per tip 

1 2 

Coleoptile bases of 
Avena 

6 9 per base 

1 3 per base 

5 

1 


the standard brass ring, and cutting into blocks of volume 10 7 mm ^ The amount 
of growth substance which must be in such a block to give a curvature of 1° is 
one plant umt, which is equal to 0 4 X the ^4 oena unit of Kogl, Haagen-Smit, 
and Erxleben (1933) 

Table I compares the amount of growth substance obtainable m 
this way from a few representative plant tissues with the amount 
set free by simple extraction with water The water extractions were 
made by addmg acid as before and grmdmg as thoroughly as possible 
three or four times with small volumes of water It may be noted 
that by this method the pollen of Sequoia is seen to be an even better 
source than the pollen of orchids used by Laibach (1933) The 
growth substance obtainable from buds of Vicia is approximately 
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equal to the amount which would diffuse out mto agar m 1 hour, as 
determmed m a previous communication (Thimann and SLoog, 1933) 
This mdicates that the growth substance would occupy 1 hour m 
travellmg from the extreme tip of the bud to the cut surface Since 
this distance is about 1 cm , the velocity of movement of the growth 
substance is 1 cm per hour, a figure which agrees with the determma- 
tions of Van der Wey (11 mm per hour in Experiment 80 and 10 mm 
per hour m Experiment 79, 1932) The ratio m the last column 


TABLE n 

Inacltvalim of Grmlh Substance by Leaf Extract 
Time of contact between growth substance and leaf extract about an hour 


Concentration of growth 
subsUiice solution used , 

1 

Activity In onita per cc. 

1 lUU.^ 

1 In water 

1 Inlrafeitract 


(a) Vteta faha Catechol oxidase present 

a 

1 40 2 • 

s s 

m 

a/2 

1 20 1 • j 

4 7 1 

(b) HeUanthus onnuus 

Catechol oxidase present 

b 

IS 6 1 

■■■■■■I 


b 1 

IS 6 


■■ 

b 1 

15 6 I 


b/2 

78 1 

1 1 

2 Ij 

(c) Malva parvifiora Catechol oxidase absent 

s/2 

20 I • 

33 5 


a/4 

10 0 

8 8 


* Assay at higher dilution 


shows that, with the exception of coleoptile tips, the chloroform ex 
traction yields at least five times as much growth substance as water 
extraction 

In order to prove that the low yields obtained on extraction with 
water are due to mactivation of the growth substance byplanteniymes 
the followmg experiment was earned out A leaf extract was made 
by crushmg 5 gm of Vtctafaba leaves m a httle water and making up 
to 4 cc A concentrated growth substance solution was then diluted 
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With this extract and with water m parallel experiments and the two 
solutions tested The results, summarized in Table II (a), show that 
the leaf extract causes a great mactivation of the growth substance 
and that the ratio of activity m leaf extract to activity m water (last 
column of the table) is of the same order as that between chloroform 
and water extracts, as given m Table I A leaf extract made from 
Eehanthus annuus gave similar results (Table II (6)) It has also 
been reported, but without details, by Kisser et al (1931) that the 
addition of crushed leaves to a growth substance solution resulted in 
inactivation 

Smce it was shown m Part I of this senes (Dolk and Thimann, 1932) 
that the activity of the growth substance was destroyed readily on 
oxidation, it seemed probable that the inactivation by leaf extract is 
due to oxidation by the peroxidase-catechol-oxidase system, which 
IS widely distnbuted among plants If this is so, then a leaf extract 
made from a plant which does not possess this system should not 
cause mactivation ^ This was proved by an experiment, carried out 
exactly as above, but usmg an extract from the leaves of Malva 
pamflora It was shown by Onslow (1921) that the Malvaceae are 
lackmg m this enz3mie system The results, m Table II (c), show 
almost no mactivation by this extract Hence, the mactivation is 
probably an oxidation, and smce the majority of plants contain 
this or a related oxidase system, it follows that as a general proce- 
dure the grmdmg of plant tissues with water is undesirable, as it 
will lead to the oxidation of the growth substance contamed in 
them This fact provides an explanation for the results of Cho- 
lodny (1931), who showed that after woundmg, the sensitivity of 
the wounded side of Lupimis hypocotyls to hght and gravitation was 
greatly reduced This phenomenon is thus to be ascnbed to enzymic 
mactivation of growth substance and not necessarily to a special 
wound hormone 

The DistnhuHoii of Growth Suhstwnce %n Avena ColeopUles 

Smce the placmg of coleoptiles on agar after they have been decapi- 
tated yields no growth substance, it has generally been assumed that 

^ The dih\ droxj’pten\lalanuie oxidase system of Vtctafaba is to be regarded as 
a speaal form of the catechol oxidase 
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the substance is used up m the growth reaction and disappears from 
the coleoptile For studies on the mechanism of the action of the 
hormone, it is desirable to know whether it really disappears or not 
from the tissues m which it has reacted The above simple method 
of extraction, while it cannot dete rmin e whether or not the substance 
IS used up m the growth reaction itself, can at least determme whether 
growth substance is present m the lower parts of the coleoptiles and 
if so to what extent 

It has already been shown (Table I) that the substance is, in fact, 
present m detectable amounts m the bases of the coleoptiles Table 


TABLE tn 

Grmilh Suistance Exlracttma from Avena Cclaphlcs 



No. 

takea 

Leogtti 

Volume 
of fiaal 
SolUtlOQ 

CunrAtore 

No of test 
pUalA 

Growth 
substance 
per piece 
ia plant 
nuts 

Growth 
substance 
^r unit 
length la 
plant units 
pet vox 

Average 
plant nuts 
per cm 



mm 

m 






Tips 

90 

s 


46 

11 

5 2 

1 W 



128 

5 

0 4 

9 3 

19 

5 8 

1 IS 



99 

5 

0 5 

3 5 

17 

3 5 

0 70 



166 

S 

0 6 

19 6 • 

35 

7 2 

1 45 



89 

S 

1 ^ 

4 6 


3 1 

0 61 

0 99 

Bases 

128 

IS av 

0 4 

a 1 * 

21 

6 9 

0 46 



166 

22 av 

1 0 9 

35 2 * 

52 

12 7 

0 58 



89 

22 av 

0 6 

7 y 

26 

9 9 

0 44 

0 49 


• The angles m these instances were determined by diluting the agar blocks 
according to the method of Went (1928) 


m summarizes a number of determmations made on tips and bases 
In order to clarify the details of the method, all the measurements 
are given m full The last column shows that the number of plant 
umts per millimeter of coleoptile length is fairly constant, and the 
amount m the base is unexpectedly large, bemg about half that m 
the tip 

A closer analysis of the distribution was made by dissecting a large 
number of coleoptiles of the same age, the primary leaf bemg removed, 
the sections extracted were as follows (1) the topmost 2 mm , (2) the 
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next 3 mm , (3) the next 3 mm , (4) the next 5 mm , and (5) the re- 
mamder The total length of these remamders was measured and 
the average obtamed The results of four such expenments are given 
m Table IV While there is marked variation m the absolute amounts 
which IS no doubt due to the extremely small quantities dealt with, 
the type of polar distribution is the same throughout In Fig 1 the 


Pep cent 



Fig 1 DistnbuUon of growth substance and growth rate m the Avena coleop- 
tile Solid curve, growth substance as per cent of the amount in the 2 mm tip, 
mean of four expenments in Table IV Broken curve, growth rate as per cent 
of the maximum rate, mean of four experiments by F W Went (three unpub- 
lished) Average length of coleoptdes extracted, 26 mm 

mean distribution, m per cent of the amount m the tip, is contrasted 
with the distnbution of growth rates as given by Went While the 
amount of growth substance per miUimeter falls off steadily with dis- 
tance from the tip, the rate of growth, as is well known, passes through 
a veil defined maximum There is no accumulation of growth sub- 
stance in the middle of the coleoptile, and the view of Went that an- 
other factor hmits growth m the apical portion is thus borne out 
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The amount of growth substance dilfusmg out from tips when placed 
on agar was determmed for companson It proved to be about five 
plant umts per tip per hour, and to be mamtamed for at least 6 hours 
There is therefore no doubt that the tip continues to produce growth 
substance when cut off, smce by extraction only about 1 hour’s supply 
can be obtamed From these experiments it follows that the growth 
substance does not immediately disappear from the tissues On the 
other hand, smce cut off sections of coleoptile continue to grow for 
some time, it cannot be argued that the growth substance which is 
extracted by chloroform has already taken part m the growth reaction 
It was shown by Bonner (1934) that decapitated coleoptiles still con- 


TABLE TV 

Distribution oj Grouth Substance in the Coleoptile 




Expenment 1 



jCzj>eri[»nit 4 

Awriffess 
per cent of 
plant units 
per anv 
in tip 

Scctioo 

No 

Leti^ 

Plant 

tuuti 

P*/ 

Mwon 

Pilot 

units 

am 

Pilot 

outs 

PCT 

Section 

Phot 

unit 

Pilot 

unit 

per 

section 

Plant 

unit 

PUnt 

units 

per 

section 

Plant 

unit 

per 

mm 

I 

mm 

1 


2 46 

1 66 

0 83 

1 12 

0 56 

S 35 

0 6? 

100 

n 

3 

^^9 



1 40 


1 35 

0 45 

1 33 

0 44 

65 

in 

3 

5 20 

1 73 

1 04 


1 22 

0 41 


0 37 

52 

rv 

5 

2 82 

0 56 

1 20 


1 50 

0 30 

1 66 

0 33 

42 

V 

Base 

4 70 

its 

134 

D{ 

2 87 

0 37 

1 13 

|j|jj 

25 

Average length of 
coleoptfle 

27 0 mm 

25 6 mm. 

22 2 mnu 

25 8 mm 



tarn enough growth substance to give a curvature when aad is ad- 
mitted to the tissues It seems therefore that the growth substance 
IS present m two different forms, one, as m tips of coleoptiles, m which 
It diffuses out mto agar, and one m which it does not, although it is 
still extractable from the tissue Tentatively it may be suggested 
that the first, or free, form is the one which is redistnbutcd m the col- 
eoptile under the mfluence of light or gravity and is thus responsible 
for tropisms The growth substance which is set free from its salts 
by the action of acid, as m the experiments of Bonner, is pnncipaUy in 
the second or bound form, smce it does not diffuse out of the coleoptile, 
but IS obtamed by extraction 
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Dtstnhition of Growth Substance tn Roots 

Some conflict of opmion has arisen m regard to the presence of growth 
substance m roots Thus Gorter (1932) was unable to confirm the 
work of Cholodny (1928) and others that decapitated roots will show a 
geotropic response if root or coleoptile tips be apphed under the nght 
conditions While the conflict is largely resolved by the recent paper 
of Cholodny (1933), no conclusive evidence has been brought forward 
to show whether growth substance is produced m the root tip or not 
However, Boysen-Jensen (1933), by usmg dextrose agar, has been 


TABLE V 

Dislrtbuhon of Growth Substance tn Avena Roots 


Seebon 

Total length 
; of combined 

1 sections 

1 

Angle 

No of 
plants 

Total No 
of plant 
units 

Plant units 
per mm 

Per cent 


■■ 






(1) 1st 10 mm 


5 1 ° 

19 

306 


100 

(2) Base 

El 

12 7° 

23 

762 

0 145 

73 

(1) 1st 10 mm 

1410 

8 5° 

18 

510 

0 362 

100 

(2) 2nd 10 mm 

1410 

7 2 ° 

17 

432 

0 306 

84 5 

(3) Base 

3713 

[ 13 5° 

\7 5 + 8 2° 

10/ 

876 

0 235 

65 

(1) 1st 10 mm 

1240 

1 14 7“ 

\2 X 8 6° 

12 J 

960 

0 774 

100 

(2) 2nd 10 mm 

1250 

13 1° 

18 

786 

0 629 

81 

(3) Base 

3550 

r2 X 11 5° 

\4 X 5 9“ 

11 } 

1400 

0 394 

51 


able to cause growth substance to diffuse out from roots of Zea, and 
has shown that the amoimt so obtamed decreases steadily with m- 
creasmg distance from the tip However, his experiments, while very 
valuable, stfil do not show whether it is the actual concentration of 
growth substance present, or only the ease with which it diffuses out, 
which decreases with distance from the tip If it could be shown by 
direct extraction that the concentration really mcreases towards the 
tip this would go far towards setthng the question Such experiments 
were therefore undertaken 
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The roots of Avma, gro'W’n in water m the usual way, were rubbed in 
rimning water to free them from adhermg bacteria, etc , and dissected 
into three portions, the tip 10 mm , the second 10 mm , and the basal 
part, which varied m length from 10 to 40 mm A large number of 
these were obtamed at one time and extracted The results. Table V, 
show not only that growth substance is present in roots, but also that 
Its distnbution is polar, j e , that its concentration is greatest at the 
tip When It IS further considered that the apical end of the root tapers 
somewhat, the amount of growth substance per imit of weight would 
show an even more marked polar distnbution The concentration of 

TABLE VI 


Growth Substance Diffusing out of 10 Mm Root Tips into Dextrose Agar 


No of roots 

Time on agar 
blo^ 

No of blocks 

Angle 

?Unt units 
per root 

Control 

40 

hft 

1 S 

12 

2 7 

1 

0 8 I 

+1 0 

20 

3 

6 

4 0 

1 0 1 


20 

12 

6 

2 3 



24 

18 

12 

5 1 



20 

23 

12 

5 3 


0 0 

36 

24 

6 

16 5 



21 

45 

12 

6 4 

bh 


36 

48 ' 

12 1 

11 1 



30 

72 

12 

6 5 ; 


+1 1“ 

20 

72 

1 

12 

1 

4 7 

2 8 

-2 0 

By extraction, mean of three expemnents m Table V 

4 35 



growth substance per umt length is somewhat less m the root tip than 
m the coleoptile tip, but m the root base it is about the same as in the 
coleoptile base The extent of the decrease with distance from the 
tip IS comparable to that m the coleoptile, and would seem to indicate 
that growth substance is produced m the tip 

On the other hand, if growth substance is produced m the root tip 
then it should be possible by ddlusion to obtam it m larger amounts 
than can be found on direct extraction Thus it was shown above 
that the amount of growth substance extractable from coleoptile tips, 
3-5 plant units, is produced hourly for at least 6 hours vhen the tips 
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are placed on agar Since Boysen-Jensen has shown that growth 
substance diffuses out of root tips in a smular way if agar containing 
10 per cent dextrose is used, experiments were carried out in which 
Avena root tips were placed on this agar The roots were first well 
washed as before, and a number w'ere lightly clamped together betW'een 



Fig 2 Distribution of absolute grow th substance concentrations in plant units 
per millimeter m the Avena coleoptile and root The small figures mdicate the 
lengths of sections used m millimeters 

pieces of cork, cut off at 10 mm from the tip, and pressed gently upon 
the dextrose agar, contact bemg msured by means of a thin film of 
water Diffusion took place m a moist chamber m the dark at 25°, 
and at the end of the experiment the root tips showed no drying out 
and appeared m good condition 

Confirming Boysen-Jensen’s results, growth substance was readily 
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obtained in this way, the amount increasmg with time of contact as 
shown in Table VI However, m no case did the amount of growth 
substance exceed that obtamable by direct extraction, but on the con 
trary it appeared to approach that amount asymptotically After 
48 hours’ diffusion a maximum was reached, after 72 hours the amount 
was somewhat less (Column S, Table VI), possibly due to decomposi 
tion by microorgamsms Control agar blocks left m the same chamber 

for the same penod did not develop any growth substance Thus root 
tips behave in the opposite way from coleoptile tips and do not con 
tinue to produce growth substance when cut off 

This bemg the case, the only fair conclusion seems to be that growth 
substance is not produced m the root tip but merely accumulates there, 
bemg brought there by the polarity of its transport This may ex 
plam why the presence of dextrose m the agar is necessary to draw it 
out, an osmotic gradient bemg thus set up which causes the growth 
substance to diffuse backwards While m conflict with certam expen- 
ments in the literature, this view, based on direct growth substance 
determinations, seems to the author imavoidable An alternative 
is that production of growth substance in the root tip, being dependent 
upon the supply of a precursor from the seed or plumule, ceases when 
this supply IS cut off 

The results of the distribution experiments are summarised by Fig 
2, which expresses the growth substance m plant units per mm in 
coleoptile and root That the amounts m coleoptile base and root 
base are siimlar makes the above view reasonable 

SOIIMARV 

1 It IS shown that when plant tissues are ground with water the 
growth substance contamed therem is mactivated by the oxidizing 
enzymes 

2 A simple method of extraction is described which enables the 
quantitative detenmnation of growth substance m such tissues 

3 The amount and distnbution of growth substance m the 
coleoptile IS detenmned by this method, and it is shown that while 
the substance does not diffuse out from the lower parts of the coleop- 
tile. It IS nevertheless present m considerable amounts, the concentra 
tion decreasmg steadily with the distance from the tip 
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4 Growth substance is also present in considerable amounts in 
Avena roots, and here also its concentration decreases steadily with 
distance from the tip 

5 The amount of growth substance diffusmg out of root tips mto 
dextrose agar, even durmg long periods of time, is not greater than the 
amount obtamable by direct extraction Actual production m the 
root tip therefore either does not take place at all, or else takes place 
under quite difierent conditions from the production m the tip of the 
coleoptile 
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The isolation and identification of several individual enzymes has 
made it possible to attack the problem of their chemical structure In 
the last few years it has been shown that urease (1), pepsm (2), tryp 
sm (3), chymo trypsin (4), probably pancreatic amylase (5) and 
reiuun (24) are protems, so that the general molecular structure of 
these enzymes is known Enzymes have powerful catalytic proper- 
ties, however, not possessed by ordmaiy protems and therefore must 
possess characteristic chemical structures 
Since the chemical properties of a molecule are not the sum of 
the properties of its component parts, the catalytic activity of an 
enzyme must be considered as a property of the whole molecule and 
cannot, strictly, be referred to one speaal group It is frequently 
true, however, that a particular property of the molecule is depend- 
ent upon a particular group or arrangement of the atoms tvithm 
the molecule, the magmtude of this property depends upon the 
structure of the whole molecule Thus orgamc acids usually contam a 
carboxyl group but the strength of the group depends on the entire 
molecular configuration In the case of proteins possessing peculiar 
properties the first question to arise is whether the molecule consists 
entirely of amino aads or whether it contains a prosthetic group, » e , 
a compound not composed of amino aads The peculiar properties 
of hemoglobm are ascnbed to the presence of the prosthetic group, 
heme, which can easily be separated from the protein, globm In this 
case the prosthetic group may be detected by its color The yellow 
respiratory ferment of Warburg (6) is similar since again the prosthetic 
group IS colored In both these cases the charactenstic properties 
are lost completely when the prosthetic group is separated from the 
rest of the molecule The prosthetic group alone is therefore not re 
sponsible for the activity 
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The products of hydrolysis of pepsin have no proteolytic activity 
and there is no other property known of the hypothetical group which 
in pepsin renders it active Indirect information as to the nature of 
the active group may be obtained, however, by altering the structure 
of the original pepsin molecule with reagents known to react with 
certain chemical groups and determining the effect of this change m 
structure upon the activity By analogy with other compounds, such 
as acids or dyes, it would be expected that any change m the molecule 
would affect the activity but that the extent of the effect would depend 
upon a number of factors such as the nature of the reagents, the react- 
ing groups of the molecule, and their relation to the active part of the 
molecule Pepsin is known to have such free groups as carboxyl 
(COOH), ammo (NH2), and phenolic hydroxyl (OH) The effect on 
the activity resulting from the modification of these groups should 
furnish information as to their relation to the molecular structure 
responsible for the activity If the modification of these groups in 
native pepsin resulted m a complete loss in activity it would be 
probable that the active group, or one closely associated with the active 
group, had been altered by the treatment If the modification of these 
groups failed to affect the activity it would follow that the modified 
groups are not closely related to the active part of the enzyme The 
present experiments were designed to detenmne what effect acetylation 
of the various groups of pepsin would have on the activity 

The action of a number of biological substances is markedly altered by the 
introduction of one or more acetyl groups into the molecule Hunt (7) has shown 
that acetyl chohne has at least 40,000 times as much action on blood pressure as 
does chohne Warburg and Negelem (8) have prepared a diacetyl deutero hemo- 
globin which has only 52 per cent of the capacity to combme reversibly with 
ox>'gen as does ordinary hemoglobm Workers m several laboratories have 
studied the change in properties of crystalline msulm after acetylation Freuden- 
berg and his coworkers (9) have reported complete mactivation of crystalhne msulm 
by acetylahon Part of the activity could be recovered by treatment of the 
mactive acetylated msulm with dilute alkah Later, using freshly precipitated 
amorphous msulm, they reported a product of acetylation which had 5-10 per 
cent of the ongmal activity The amino mtrogen was reduced from 1 per cent to 
0 1 per cent by the acetylation More recently Avery and Goebel (10) have 
reported that an acetyl group present m the Type I specific pneumococcus poly- 
sacchande renders the material antigenic This property disappears on removal 
of this one acetyl group 
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Hugounenq and Loiseleur (11) have reported that treatment of crude pepsm 
solutions with methylatmg and diazotiaing agents faded to affect the proteolytic 
activity of the enzyme Their treatment was directed toward the primary aimno 
groups and since they noticed no change in activity of the enzyme they concluded 
that the primary ammo group had httle if anything to do with the proteoly tic 
activity They did not however, measure either the loss in ammo groups nor 
increase in methyl groups, nor did they isolate any compounds 

In the present experiments pepsin was acetylated by treatment with 
ketene and it was found that the activity decreased as the acetylation 
proceeded In the study of the course of the acetylation reaction it 
became apparent that the time rate of change in the speafic activity of 
the enzyme during acetylation depends upon the pH of the solution 
Acetylation of pepsm at pH S 5 causes a greater drop m speafic ac- 
tivity per acetyl group introduced than acetylation at pH 4 S If the 
pH of the pepsin solution is kept constant the speafic activity of the 
reaction mixture when plotted against the mcrease in number of acetyl 
groups per molecule of protem drops off logarithmically as acetyl 
groups are introduced There is no sharp break in the curve, the 
activity drops gradually and is 10 per cent or less of the original ac- 
tivity after the introduction of more than twenty acetyl groups per 
molecule of enzyme 

A preparation of acetylated pepsin has been obtained in crystalbae 
form which has 60 per cent of the activity of the original pepsin, as 
measured by several methods This matenal contains one or leas 
primary ammo groups per molecule of protein mstead of the three or 
four originally present m pepsin It also possesses from six to eleven 
acetyl groups per molecule, the number depending upon the condi- 
tions dunng the acetylation From the acetyl determinations of 
several different preparations and the solubihty experiments it appears 
that there may be several acetyl products possessing approximately 
60 per cent of the ongmal pepsin activity and which may form solid 
solutions with one another 

Another crystalline acetylated pepsin preparation was obtained 
by subjecting the above acetyl pepsin to normal sulfuric aad The 
speafic activity of this acid solution mcreased to the value of pure 
pepsin and the acetyl content dropped from nine to four acetjl 
groups per molecule There was no measurable mcrease in the 
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primary ammo mtrogen and it is probable that the remaimng acetyl 
groups are on the primary amin o groups It was also possible to 
prepare this same, or a closely related matenal, starting with pepsin 
By careful acetylation an acetyl product was obtained which had lost 
none of its activity but which had lost all of its primary anuno groups 
This matenal had three acetyl groups per molecule, the eqmvalent 
of the ammo groups lost 

Still another acetylated product was prepared by acetylation for 
35-40 hours at pH 5 5 m a dialyzing bag This material was only 10- 
15 per cent as active as pepsin and had on the average twenty acetyl 
groups per molecule On further acetylation the decrease in ac- 
tivity was very slow It was much less soluble than the other prep- 
arations and crystalhzed with difficultj’- and in very small crystals 

The diSerent acetyl preparations could be separated from one 
another by fractional preapitation from concentrated magnesium 
sulfate solution Under the microscope the crystals of all of the 
acetyl preparations appeared alike and indistmgmshable from those of 
pepsm as may be seen m Fig 1 

The results of these acetylation experiments show that acetylation 
of primary amino groups does not change the specific activity of 
pepsm by more than 10 per cent but that addition of acetyl groups m 
some other places causes a marked decrease in activity 

The pnmary ammo groups of protems m general are those of lysine 
and smce acetylatmg these groups has httle or no effect on the ac- 
tivity it IS probable that the lysme groups are not part of or are not 
mtunately assoaated with the molecular structure responsible for the 
activit}’’ Further acetylation, however, causes a marked decrease in 
activity which would indicate that certam groups of the protein more 
closely related to the active part of the molecule have been acetylated 
Ketene reacts with NH, OH, or COOH groups and it is not possible to 
deade at present between the various possibilities The ease with 
which these groups may be removed suggests that OH, or COOH 
groups have been acetylated 

The pH activity curves, acid and alkah inactivation, and the titra- 
tion curves of the acetyl preparations exammed were not greatly 
different from the same properties of the parent substance, pepsm 
On the other hand no isoelectnc pomt could be detected for the “100 
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Fig 1 (o) CnstalUne pepsin (6) Crj’stalline 100 per cent active acet^l 
pepsin (c) Cr>'stalline 60percentacti\e acct\l pepsin 
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per cent active” and “60 per cent active” acetylated derivatives and 
their solubilities in acid decreased as the concentration of acid in- 
creased These two properties are quite different from those of 
pepsin which has an isoelectric point at pH 2 7 and the solubility of 
which increases as the solution is made more acid than pH 2 7 

EXPERIMENTAL RESULTS 
Acetylation with Ketcne 

Staudmger (12) m his study of ketene (CHa = C = 0) pointed out 
that ketene is capable of reacting in dilute acid but the reaction is more 
rapid m alkaline solution and that whereas it reacts with all of the 
following groups — primary and secondary amines, aliphatic alcohols, 
water and phenols — the rates of reaction are quite difierent for each 
group Primary amines react most rapidly and the phenols least 
rapidly The reactions of ketene are in general addition reactions 
and polymerizations, the latter being of little or no consequence in this 
work The addition reactions may be illustrated as follows 

CH2 = C -t- H - NH - R > CH3 - C - NH - R 

II II 

0 0 

Acetylation of ammo acids using ketene has been reported by Berg- 
mann and Stern (13) This method is more suitable for the acetyla- 
tion of pepsin than the usual methods since the reaction may be 
carried out m slightly acid aqueous solution and without any appre- 
ciable denaturation of the protein 

The ketene used m this work was generated by the thermal decom- 
position of acetone vapor (14) 

Course of the Acetylation Reaction 

Effect of pH — In the early experiments it was noticed that when 
ketene was passed into a 5-10 per cent pepsin solution m 3 m pH 5 5 
acetate buffer, the specific activity of the enzyme dropped rapidly at 
first and then more slowly as the reaction progressed When the 
specific actmty reached approximately one-half that of the original 
pepsin there was no further appreciable change with continued expo- 
sure to ketene It was first thought that this flattening out of the 
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specific activity tune curve mdicated the completion of the acetylation 
reaction and a product of definite properties different from those of 
pepsm was repeatedly obtained The pH, hotvever, nas not held 
constant The aadity of the enzyme solution changed from pH 5 5 
to 4 0 dunng the course of the acetylabon espenment This might 
be expected for, as previously pointed out, ketene reacts with water to 
form acetic aad 

When the acetylated product described above, with a speafic ac 
tivity of 60 per cent that of pepsin, was preapitated out of the pH 4 0 
buffer and dissolved m pH 5 5 acetate buffer and ketene run m as 
before, the speafic activity again dropped and agam reached a nearly 
constant value as the pH of the solution approached pH 4 0 This 
product was precipitated and redissolved in fresh pH S 5 buffer and as 
before subjected to ketene and agam there was an mitial drop m 
activity followed by a slowing up of the tune rate as the pH of the 
solution dropped tow ard pH 4 0 

Experiment I — Course of Acetytahon as pB Varied from pH 60-4 0 — ITS gm 
of twice crystallized Cudahy pepsin filter cake was dissolved m 3 u sodium acetate, 
final volume was 400 ml Ketene was run in with stimng 20 ml samples were 
withdrawn at various mtervals of time and the following analyses made using the 
methods dcscnhed m the section devoted to experimental methods — pH, protem 
mtrogen, non protein nitrogen, Van Sljke ammo mtrogen, proteolytic activity by 
the hemoglobm method, and acetyl content After 800 mmutes exposure to ketene 
the protem was precipitated out by the addition of an equal volume of saturated 
magnesium sulfate The preapitate was filtered off, dissolved in 3 u sodium 
acetate, and the final volume made up with sodium acetate to the volume of the 
solution just prior to preapitation Ketene was passed m as before for 900 mmutes 
or a total of 1700 mmutes The protem was agam precipitated as before and dis- 
solved in fresh sodium acetate and ketene run m for 300 mmutes or a total of 2,000 
minutes The analj'ses of the samples arc plotted m Curve I of Fig 2, Curve I 
of Fig 3 and m Fig 5 

The results of this senes of experunents may be seen graphically in 
Curve I (Fig 2) They indicate that the change in slope of the tune 
speafic acbvity curve was due to a change in the pH of the solution 
and not to the completion of the acetylation It was later found that 
the pH could be kept nearly constant by placing the buffered pepsin 
solution in a collodion bag suspended in a large volume of buffer 
As a check experiment, therefore, acetylation was carried on in a 
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collodion dialyzing bag with the pH nearly constant between pH 5 0 
and 6 0 Under these conditions the drop in specific activity of the 
reaction mixture with time did not show a decided change as the spe- 
cific activity approached 60 per cent of the onginal pepsin As may 
be seen from Curve II of Fig 2 the activity continued to drop with 
only a very gradual change in the slope of the curve and seems to show 
that the differences noted in the acetylation of pepsin are differences 
m tune rates and are probably caused by the differences noted in the 
pH values of the solutions However, when the increase in acetyl 



Fig 2 Per cent specific activity of pepsin during course of its acetylation 


groups was plotted agamst specific activity (see Fig 3) the points 
obtained from adetylation at pH 4 5 and at pH 5 5 did not fall along 
the same cun'-e 

Expcnnicut II — Course of Acetylation at Constant pH 5 5 — 135 gm of once 
crjstallized pepsin, prepared from Cudahj'- pepsm vas twice precipitated b}’^ half 
saturated magnesium sulfate at pH 4 0 and dissolved in 2 M acetate buffer pH 5 8 
so that the final volume was 400 ml The enzj'me solution was placed m a col- 
lodion bag prepared from Merck’s u s p collodion and this set into 2 hters of the 
same buffer as that used for the solution of the protem Ketene was run in 
rapidl\ and the solution stirred both inside and outside of the bag At the end of 
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the da> the bag and solutions were placed m the ice box and the reaction started 
again the next morning 20 ml samples were withdrawn and analyzed for protem, 
non protem mtrogen, Van Sl>ke ammo nitrogen pH, activity by the hemoglobm 
method, and acetjl content The results of the anal> ses are to be found plotted in 
CurvellofFjgs 2 and 3, Curve I of Fig 4,aDdmFig 5 

These curves are independent of time and should, therefore, be 
colUnear if the tune rate is the only factor in the acetylation of pepsin 
affected by a change in pH There was a much greater drop in speafic 



Fic 3 Effect of a change m acetyl groups per molecule on speafic activit> of 
pepsin 

activity per umt increase in acetyl groups when the acetylation was 
carried on at pH 5 5 than at pH 4 5 Curves I and H of Fig 3 were 
plotted from data of the same experiments as were the Curves I and 
n of Fig 2 Curve HE of Fig 3 represents an experiment m which 
the pepsin was acetylated at pH 4 5-4 0 
Curves I and n of Fig 4 are the data of Curves II and IH of Fig 3 
plotted on logarithmic scale It may be seen from Fig 4 that when 
the pH IS constant the change in speafic activity of pepsm dunng 
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acetylation vanes loganthmically with the increase in acetyl groups 
per molecule 

Experiment III — Course of Acetylation at Constant pH 4 5 — 45 gm of twice 
crystallized Cudahy pepsin filter cake washed four times with half saturated 
magnesium sulfate was dissolved in 6 m pH 4 5 acetate buffer so that the final 
volume was 150 ml Ketene was passed m rapidl}' wth stirring 20 ml samples 
were wlthdra^vn and analyzed for protein, non-protein, and amino nitrogen, 
activity by the hemoglobin method, pH, and acetyl content 

The results are plotted in Curve III of Fig 3, Curve II of Fig 4, and in Fig 5 



Fig 4 Logarithm of specific activity of pepsin as affected by a change in the 
acetyl groups per molecule, acetylation at nearly constant pH 

It may be seen that there was only one-third the drop in specific 
activity per unit increase in acetyl groups at pH 4 5 as when the 
enzyme was acetylated at pH 5 5 Evidently acetylation occurs at 
diflerent groups, depending upon the pH This is probably due to the 
effect of ionization upon the rate of acetylation of the vanous groups 
present m the origmal pepsin 

Change in Primary Ammo Groups during Acetylation — The change 
in free pnmarj'' ammo groups was also followed dunng the course of the 
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acetylation reaction by means of Van Slyke’s micro ammo mtrogen 
method (15) 

Pepsin contains an unusually small number of free ammo groups, 
0 15 per cent or three to four groups per moleculei calculated from a 
molecular -weight of 36,000 Most protems contam between 0 75-1 5 
per cent ammo nitrogen or twenty to forty free ammo groups per 
molecule Fig 5 contams the curves obtained by plottmg the ammo 
mtrogen content against specific activity as acetylation proceeds at 
pH 5 0-6 0 and pH 4 0-4 5 There seems to be no difference m the 



Number of NHi groups/moleciile 

Fig S Effect of acetylation of free ammo groups on specific activity of 
pepsm 

loss m actmty compared to the decrease in ammo mtrogen whether 
the acetylation is earned out at pH 4 5 or pH 5 5 The results show 
that there is not more than a 20 per cent drop m specific activity with a 
toss of practically all of the anuno nitrogen Measurements of less 
than one ammo group per molecule w ere unreliable 

1 This IS lower than the value first reported (2) the difference probablj being 
due to the presence of non protein nitrogen m the pepsin preparation of the earlier 
analysis 
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Preparation and Crystallization of the Acetyl Derivatives 

Three preparations of acetylated pepsin have been obtained which 
difier in speafic activities, number of acetyl groups per molecule, and 
in other properties For convemence they have been named according 
to their specific activity relative to that of pepsin and spoken of as 
though they were pure chemical individuals although in fact they 
may be sohd solutions of closely related compounds 


TABLE I 

Preparations of Acetylated Pepsin 


Preparation 

Method of preparation 

is 

? ^ 

8 eu 

O. “ 

to 

Pepsm specific 
activity 

Ammo nitrogen 

No of ammo groups 
per molecule 

Acetyl 

No of acetyl groups 
per molecule 




per 

per 


per 





cent 

cent 


cent 


Pepsin 


0 22 


0 16 

4 0 


1 

“100 per cent active” 

Acetylation of pepsm at pH 







acetyl pepsm 

5 5 for 45 min 

0 21 

100 

0 02 

0 5 

iilin 

4 

“lOO per cent active” 

Hydrolysis of “60 per cent 







acetyl pepsin 

active” acetyl pepsm m 








n/1 sulfuric acid at 8°C 








for 67 hrs 

0 20 

100 

0 02 

0 5 

ligEI 

4 

“60 per cent active” 

Acetylation of pepsin at pH 







acet} 1 pepsin 

5 5-4 0 for 12 hrs 

0 12 

55 

0 04 

1 0 

mm 

8 

“10 per cent active” 

Acetylation of pepsm at pH 







acetyl pepsm 

5 5 for 35 hrs 

0 03 

14 

1 



2 7 

23 


Experimental Procedure 

“100 Per Cent Active” Acetyl Pepsin — ^This matenal was prepared by dissolving 
100 gm of twice crj’-stallized pepsin filter cake containing less than 10 per cent of 
the total nitrogen as non-protein nitrogen, in 300 ml of 3 M sodium acetate and 
then passmg ketene into this solution slowh for 50-75 minutes One bubble of 
gas ever}' second from an orifice 25 mm in diameter was found a satisfactory rate 
After 50-75 rmnutes anal\ sis of protem, non-protem, and ammo nitrogen, activity, 
and acets 1 content show ed a loss of not more than 10 per cent of the activity but a 
loss of all measurable ammo mtrogen The protein v as precipitated from solution 
by the addition of an equal volume of saturated magnesium sulfate after first 
addmg aad to make the solution apprownateh pH 4 5 This precipitate was dis- 
solved in water, preapitated by titratmg to pH 3 0 with acid, and the precipitate 
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dissolved m water with the aid of sodium acetate and crystallized after the pro- 
cedure of Northrop (2) 

“dO Per Cent Active" Acetyl Pepsin — 12S gm of once crj'stalhzed pepsin filter 
cake w as dissolved in 3 u sodium acetate The final volume wasdOOtnl Ketene 
was passed in rapidlj for 12-14 hours Analj’ses for protem non protein, and 
amino mtrogen, activity, pH, and acetyl content were made The solution was 
then subjected to the same treatment as the precedmg solution, the protem pre 
apitated with magnesium sulfate acid, and thence crystallized 

‘ 10 Per Cent Active" Acetyl Pepsin — 12S gm of twice cry'stalhzed Cudahy 
pepsm filter cake was dissolved in saturated sodium acetate solution so that the 
final volume was 400 ml This solution was placed m a collodion bag of 500 ml 
volume The collodion bag contaming the enzyme solution was placed in 2 liters 
of 3 M sodium acetate and ketene passed in for 35 hours The solution was filtered, 
and the protein precipitated and crystallized as above 

Analytical results found in Table I are typical of several preparations 
of each product The derivatives were crystalhzed and were, m 
general, more stable than pepsm, possibly because they were less 
soluble than pepsin 

The experimental procedure for the preparation of ‘TOO per cent 
active” acetyl pepsin by aad hydrolysis of the “60 per cent active” 
acetyl pepsm is discussed on page 52 

Emdcttce Cmtcemin^ the Punty of the Crysialltm Acetyl Denvattves of 
Pepsin 

Fracltonalton Expermenls — No evidence could be found for the 
existence of an acetyl derivative whose speafic activity was between 
100 per cent and 60 per cent of the activity of pepsm This follows 
from the results of the fractionation experiment summarized m 
Table II A large portion of a reaction mixture, the specific activity 
of which had been reduced to 75 per cent of its ongmal value by acety- 
lation with ketene, could be fractionated into two parts possessing 
approximately 60 per cent and 100 per cent of the specific activity of 
pepsin Further fractionation faded to demonstrate any protein frac- 
tion possessmg a lower speafic activity 

It might be supposed that the “60 per cent active” acetyl pepsm 
was not a pure compound but a mixture or solid solution of pepsm 
and an mactive or weakly active acetyl derivative Table III con 
tains the results of some experiments designed to test this question 
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The results in Part A are typical of several fractionation experiments 
on a number of tlie ten to fifteen preparations of “60 per cent active” 
acetyl pepsin The results m Part A show that the “60 per cent 
active” acetyl pepsin, as ordinarily prepared, could not be fractionated 
into pepsin and a protein having a lower specific activity A protein 
having an activity corresponding to that of pepsin was separated but 
the amount was insignificant though this amount of the material 
brings out the sensitivity of the fractionation experiments in detecting 


TABLE II 


Fractionation of a Reaction Mixture Possessing 75 Per Cent of the Original Activity 


No 4 of Dec 28, 1933, reacUon mixture 
pH 6 0 

No 1 + 5 ml of 5 N sulfuric acid, sUrred 
till precipitate dissolved, pH 4 5 
No 2 + 7 ml saturated magnesium sul- 
fate, filtered 

Residue No 3 dissolved in vv atcr 
Filtrate No 3 -|- 9 ml saturated magne- 
sium sulfate, filtered, filtrate 
No 4 after samples had been remov cd 
No 6 -h 4 ml saturated magnesium sul- 
fate, centrifuge, decant 
Residue No 7 -{- water 




N/ml 

IP u]Hb 














Protein 


PM 


PM 

o 


Total 

1 

tc 

a 

3 


tnl 

mr 

mg 



mf 

fer 

(till 

1 

20 

14 2 

13 1 

2 1 

0 16 



2 

25 

11 4 

10 5 

1 7 

0 16 

263 

100 

3 








4 

10 

8 1 

7 75 

1 0 

0 13 

77 5 

30 

5 

37 

0 63 

0 20 

0 05 

0 25 

7 4 

3 

6 

8 

8 1 

7 75 

1 0 

0 13 

62 0 

100 

7 








8 

6 



0 34 

0 136 

15 0 

24 


the presence of even closely related substances Part B of Table III 
reveals tliat an equimolecular nuxture of pepsin and “10 per cent 
active” acetyl pepsm wluch resembled very closely the “60 per cent 
active” acetyl pepsin could be fractionated with comparative ease 
into two fractions having higher and lower activities than the mixture 
It seems probable, tlierefore, that the “60 per cent active” acetyl 
pepsin prepared according to the directions m the previous section is 
not a mixture or solid solution of tlie original pepsin with a derivative 
of ver)’- low activity 
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Fracticmation of ‘ 60 Per Cent Active * Acetyl Pepsin and of a Mtxiure of Pepsin and 
10 Per Cent Active Acetyl Pepsin 



Emyme Solutions 

2 X crystallized Cudahy pepsin Nov 1 1933, 
dissolved in vrater + sodium acetate, con 
centration adjusted with water 
No 10 of Sept 25 1933 ‘ 10 per cent active” 
acetyl pepsm + saturated magnesium sul 
fate, filtered residue dissolved m water + 
sodium acetate 

No S of October 23, 1933, *60percent active 
acetyl pepsin 

Part A Fractionaiion of 60 Per Cent 
Actix^* Acetyl Pepitn 

No 3 + acid to pH 4 5 + equal volume satu 
rated magnesium sulfate ^ter residue dis 
solved in sr/10 pH 4 65 acetate buffer 
No 4 •f' 22 ml saturated magnesium sulfate 
stirred centrifuge decant 
Residue No 5 + water 
Supernatant No 5 + 40 ml saturated mag 
nesium sulfate stirred (test showed 
practically no protem m solution) 20 mL 
u/10 pH 4 65 acetate buffer stirred 10 mm 
utes and filtered filtrate 
Part B Fractionation of an Equtmolecu 
lar Mixture of Pepsin and 10 Per 
Cent Active Acetyl Pepsin 
10 ml No 1 + 10 ml No 2 (crystals formed 
4 ml 4 N sodium acetate added to dissolve 
these crystals to neutralize the sodium 
acetate 3 ml of 5 n sulfunc aad was added 
1 ml rerao\ ed for anal>'sis) 

No 8 + 1 2 ml saturated magnesium sulfate ! 

with stimng centrifuge decant 
Residue No 9 dissolved m water 
Supernatant No 9 + 10 mL saturated magne 
Slum sulfate centrifuge supernatant 


1/mg 
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Soluhthiy Experiments 

Experimental Procedure — ^The methods used in these solubility determinations 
were identical with those descnbed by Northrop (16) 

The solubility of a pure substance is independent of the quantity of 
solid phase Northrop (2) found that in all the solvents used pepsin 
solubihties agree with this rule and the results indicate, therefore, 
that pepsin is a pure substance 



Fig 6 Solubihty of amorphous “100 per cent active” acetyl pepsm and of 
amorphous “60 per cent active” acetyl pepsm in 0 05 u pH 4 65 acetate buffer 
and 0 5 saturated magnesium sulfate 

The solubihties of two of the acetylated pepsin preparations have 
been determined The results of these experiments are plotted in 
Fig 6 They are also summarized with the pepsin solubihties in 
Table IV The results show definitely that the specific activity, i e 
ratio of activity to protem mtrogen, is constant and independent of 
the quantity of sohd phase present This confirms the results’ of the 
fractionation experiments The pomts obtained in the region of a 
small quantity of sohd matenal for the “60 per cent active” acetyl 
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pepsin do not fall on the theoretical curve Although the figures are 
small and consequently subject to a greater percentage error, the 
writers believe that the results are sigmficant in demonstrating that 
the matenal, as prepared, is a solid solution of two or more substances 
having nearly the same speafic proteolytic activity 

Soluhihiy of Acctylaled Pepstn tn the Presence of Pepsin 

Experimental Procedure — ^The suspensions of “60 per cent active” acetyl pep 
sm and of pepsin used in the solubility experiments of the previous section were 
used in the present experiments The solvent ^'as also the same (0 5 saturated 
magnesium sulfate — 0 05 m pH 4 65 acetate buffer) The two suspensions were 
mixed in varying quantities, keepmg the final volume constant They were then 

TABLE IV 

Solubilities of Pepsin and Acetyl Derivatives 
« . [O S saturated magnesium sulfate sp gr 1 295 
0 ven ^ ^ acetate buffer 

Temperature - 25''C ± 2 C 



1 N/mL 


Amorphous 

CrysUllioe 

Pepsin (Northrop) 

nt 

1 0 

mt 

0 22 

Pepsm (Hemott) 

100 per cent acUve acetyl pepsin 

1 1 

0 33 


60 per cent active acetyl pepsin 

0 12 

0 06 


dissolved in the acetate buffer part of the solvent and preapitated by stimng m 
the saturated magnesium sulfate just as in the solubility experiments In every 
case there was an excess of sohd of both constituents after preapitabon They 
were then filtered and the filtrates analyzed for activity and nitrogen 

The results of this experiment are showm m Fig 7 They bnng 
out quite dearly that the “60 per cent active” acetyl pepsin forms 
solid solutions with pepsin 

Constancy of Properties during Fractional Crystalhcaiton 
Table V contains the analyses of seven fractional ciystalhzations 
of a preparation of “60 per cent active” acetyl pepsin In the course 
of seven recrystallizations there is a loss of 80 per cent of the onginal 
matenal but no drift in any of the properties measured 
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Increase m Spec^fic Ackvily on Removal of Acelyl Groups hy Acid 

Hydrolysis 

Since pepsin is instantly denatured in alkaline solution preliminary 
studies of the hydrolysis of acetyl groups from acetylated pepsin were 



Fig 7 Solubility of mixtures of amorphous pepsin and amorphous “60 per 
cent active” acetyl pepsin in 0 05 m pll 4 65 acetate buffer and 0 5 saturated 
magnesium sulfate 


TABLE V 


Constancy of Properties of "60 Per Cent A ctivc" Acetyl Pepsin during Fractional 

Crystallization 


CryBtallizalion No 

Quantity of crystals 

^ P N 

pH4 r 

1 

tm 

62 

0 125 

83 

2 

40 

0 129 

92 

3 

36 

0 123 

84 

4 

30 

0 125 

94 

5 

20 

0 118 

85 

6 

15 

0 120 

84 

7 

10 

0 120 

80 


earned out in acid solutions At room temperature and with an 
aad concentration in which the hydrolysis of acetyl groups was appre- 
ciable there was too great a loss of enzyme through inactivation By 
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TABLE VI 

Increase m Specific Acimly on Removal of Acetyl Groups by Acid Hydrolysis 



1 



N/ml 

1 IPUl*^ 

,1 


Proeedarc 


•c 

£ 

1 

I 

1 

£ 

3 

0 

a 

g 

A. 

5 

55 

w 

e 

Z 

e 

Z 

< 



A t 

ml 

mt 

m: 





Acetylated pepsin No 15 0 / July 
11 1933 

No 1 diluted with irater to 2000 

1 


130 

12 8 


1 15 


0 -1 

8-9 

ml cooled to 10 C and poured 
into 2000 ml of cold 2 5 n sul 










f unc aad with mechanical sUmng 
pH (electrometric by hydrogen 
electrode) «= 0 02 A light pre- 
cipitate formed 

2 

0 

sUa* 

0 416 

0 016 

0 0374 

0 090 



5 ml suspension No 2 + 5 ml 13 

K sodium acetate 

5 ml suspension No 2 + 5 ml 13 

3 

0 03 


0 19 

0 02 

0 020/ 

0 11 



K sodium acetate 

5 ml suspension No 2 + 5 ml 13 

4 

2 




0 0228 

0 12 



K sodium acetate. 

5 

19 


0 19 

0 02 

0 0272 

0 14 



Ahquot of suspension dltered 

S cj filtrate No 6 + Sral 13n 

6 









sodium acetate 

7 

19 




0 010 

0 23 



5 ml suspension + 5 ml 13k 
sodium acetate 

S ml filtrate + 5 ml 1 3 n sodium 

8 

43 


0 18 

H 

0 030 

0 17 



acetate 

9 

43 




♦Milm; 

0 22 



5 ml suspension 5 ml 1 3 n 

sodium acetate 

5 ml filtrate -H 5 ml 1 3 n sodium 

10 

67 



B 

0 030 

0 17 



acetate 

It 

67 




0 0115 

0 29 



Suspension filtered after 67 hours in 
aad 

Filtrate No J2-f-950raI saturated 

12 









sodium acetate pH 2.5 -h 2000 
ml saturated magnesium sulfate 
filter Residue dissolved in ace- 










tate buffer 

13 



9 5 

1 9 

1 9 


Bl 

3-4 

4 5 " 90 Crystals were 










indistinguishable under the ml 
croscope from pepsm 










Residue No 12 dissolved in water 










+ sodium acetate pH 3 8 

14 


^1 
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TABLE VI — Concluded 






N/ml 

ipu: 

|Hb 

“o 

Procedure 

O 

Time in acic 

*3 

> 

G 

S 

«-• 

o 

£ 

Non protem 

1 

! 

Pi 

to 

o 

a 

z 



hrs 

ml 

mg 

mg 




No 14 cooled to 10°C and added 









to 800 ml cold 2 5 n sulfunc aad, 
a light precipitate formed 

15 


1600 






5 ml suspension No 15 + 5 ml 13 

N sodium acetate 

5 ml suspension + 5 ml 1 3 N 

16 



0 270 

0 018 

i 

0 048 

0 18 


sodium acetate 

17 

16 


0 28 

0 012 

0 048 

0 17 


Ahquot of suspension filtered 

5 ml filtrate No 18 + 5 ml 1 3 N 

18 






1 


sodium acetate | 

19 

115 


0 038 

0 018 

0 0091 

0 24 


5 ml suspension + 5 ml 1 3 N 
sodium acetate 

5 ml suspension + 5 ml 1 3 N 

20 

115 


0 110 

0 020 

0 0216 

0 20 


sodium acetate 

Suspension + 550 gm sodium ace- 

21 

210 


0 099 

0 03 

0 021 

0 21 

1 

i 

tate, saturated witli crystaUme 
magnesium sulfate, filtered 

22 




( 




Residue No 22 dissolved in acetate 

1 




! 




buffer, + equal volume of satur- 
ated magnesium sulfate, filtered 
Residue = 15 gm , dissolved m 
water acetate buffer, pH 4 5 

1 

1 

23 


25 

17 7 

0 8 

3 5 

0 20 

1 

2 


carrying on the hydrolysis at 10®C there was practically no loss of 
protein in 10 days Table VI contains the description and results of an 
experiment on the aad hydrolysis of an acetylated pepsin preparation 
The results show that with the removal of acetyl groups there was an 
increase in specific activity The speafic activity rose to that of 
pepsin where it remained practically constant The acetyl content 
of the protem changed from eight or nme acetyl groups to three or 
four Since there were stiU no free anuno groups it is probable that 
these three or four acetyl groups are on the primary ammo groups of 
pepsin and that this compound, therefore, corresponds to the ‘TOO 
per cent active” acetyl pepsin prepared directly by slow acetylation 
of pepsm On subjectmg this material to a much longer treatment 
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With aad a substance was obtained which has the same specific 
activity but now has two free ammo groups and only two acetyl 
groups per molecule 

It IS mteresting to note that m general hydrolysis of acetjl groups 
hnked to mtrogen atoms (R — NH — C — CHj) reqmres very strong 

O 

acid or alkah and high temperatures, whereas acetyl groups hnked to 
oxygen (R — 0 — C — CHj) are hydrolyzed ivith comparative ease 

O 


TABLE Vn 

Specific Activity 0 / “60 Per Cent Active*' Acetylated Pepsin by Different Methods 


Sabstrnte 

Method 

! 

CrystaUme pepiin 

CrystaUme 60 per 
cent active 
acetyl pepsin 

PN 

Hemoglobin 

Colonmetnc estimation of ' 
bberated tyrosine 

0 23 

0 13 

Casein 

Viscosity (increase) 

310 

190 


Viscosity (decrease) 

1700 

850 


Solution 

0 55 

0 25 

Edestin 

Viscosity (decrease) 

2200 

1100 


Forraol 

7 X 10-> 

4 X 10-* 

Gelatin 

Viscosity (decrease) 

24 

17 

Rennet ' 

Viscosity (increase) 

33 X 10' 

23 X lO* 


General Properties 

Activity by Various Methods — ^The specific activity ([P U ] pn ) 
of a preparation of “60 per cent active” acetyl pepsin was detemuned 
by several different methods as described by Northrop (17) Although 
the specific activity of pepsin has been determined previously, usmg 
these same methods, the measurements are not all preasely reproduc- 
ible (owmg to variations in the substrate preparations) so that the 
activity of a standard pepsin solution was measured at the same time 
The results given m Table VII show, withm the limits of the methods. 
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that the “60 per cent active” acetyl pepsin is a little over half as active 
as pepsin, by all of the methods tned 
pE Achv7ty Ctiroes — It was thought that the shape of the pH 
activity curve of pepsin might be altered when the enzyme was acety- 
lated The pH activity curves of “60 per cent active” acetyl pepsin 
and of pepsin were determined by three different methods The 
results in Fig 8 show that the shape of the pH-actmty curve of 
pepsm IS not changed by acetylation of pepsin 

Expenmental Procedure 

1 Enzyme Concentrahon — The enzyme solutions were diluted for each 
measurement so that the hydrolysis of the protem was earned to the same extent 
m each case The activity was calculated as the reciprocal of the concentration of 
enz 3 mie required to cause the same rate of hydrolysis at the vanous pH and is 
expressed as per cent of the maximum activity 

2 Substrates — ^Ahquots of dissolved Hoffmann La Roche crystallme edestin 
and dialyzed Ox carbon monoxide hemoglobin solutions were added to equal 
volumes of hydrochloric acid of different concentrations The pH of the solutions 
were determined electrometncally by a h 5 ’^drogen electrode The final concentra- 
tion of edestm was 3 per cent and of hemoglobin was 2 per cent 

3 Methods — 

(o) Hemoglobm 

1 Phenol-colonmetnc, see Anson and Mirsky (18) 

2 Non-protem mtrogen 1 ml of enzyme solution was added to 5 ml of 
hemoglobm in a 50 ml test tube After 5 minutes the reaction was stopped by 
addmg 10 ml of m/5 pH 7 3 phosphate buffer from another SO ml test tube 
The solution was mixed quickly by pourmg back and forth from one tube to the 
other and then heated to boihng for 1 mmute after which it was cooled quickly 
This suspension was filtered through a Whatman No 42 filter paper and re- 
filtered if the filtrate was not perfectly clear 5 ml of the filtrate was analyzed 
b} the Kjeldahl method for total mtrogen (19) 

(Jb) Edestm 

1 Non-protem mtrogen 20 ml of 3 per cent edestm solution and 5 ml of 
enzjme solution were brought to 35 S^C m two 50 ml test tubes and then 
mixed b\ pourmg from one test tube to the other After mixmg, 5 ml of the 
mixture was pipetted mto each of three 50 ml test tubes The hydrolysis m 
the tubes vas stopped after 1, 5, and 10 mmutes by the addition and subsequent 
mixing of 5 ml of 0 1 saturated sodium sulfate solution After allowing these 
solutions to stand 20 minutes they were filtered through Whatman’s No 42 
filter paper and 5 ml of the filtrate analyzed for total mtrogen The results of 
the three determmations at each pH were plotted, the slope determmed and 
then corrected for the enzj-me concentration These corrected figures are 
plotted in Fig 7 as per cent maximum activity against the pH 
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Isoelectric point — Since the pnmary ammo groups are altered in 
the acetylation of pepsin one rmght expect a difference between the 
isoelectnc points of the acetylated products and the onginal pepsin 
Northrop (16) has found from imnimal solubihty and cataphoresis 
experiments that the isoelectnc pomt of pepsm is close to pH 2 7 
Microscopic exarmnation (20) of an amorphous suspension of “60 per 
cent active’’ acetyl pepsm in hydrochlonc aad of different concentra- 



Fig 8 Percentage activity at various pH of pepsm and *60 per cent active’’ 
acetyl pepsm 

tions revealed no change in the direction of migration The particles 
of acetyl pepsin rmgrated to the anode at pH 3 0 and at pH 0 0 show 
mg that within this range of pH the enayme was negatively charged 
The mmimal solubihty was detenmned for the “60 per cent active’’ 
and for the “100 per cent active” acetyl pepsms In these expen 
ments a large excess of solid matenal was present The results plotted 
in Fig 9 represent the solubihties of the amorphous matenals in 
sulfunc aad solutions 
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Experimental Procedure 

Enzyme Solutions — 

(o) “100 per cent active” acetyl pepsin Dec 13, 1933, containing 8 7 mg 
PN /ml and less than 2 per cent non-protem nitrogen 

(b) “60 per cent active” acetyl pepsm Dec 13, 1933, containmg 16 mg PN/ml 
and 4 per cent non-protem nitrogen 

Procedure — 3 ml of en 2 iyme solution was added to 10 ml of sulfuric acid of 
vanous concentrations at 23‘’C with rapid stirring in a SO ml centrifuge cup 
After stirrmg for 1 mmute they were centrifuged and the clear supernatant hquid 



Fig 9 Solubiht 3 ' of amorphous “100 per cent active” and “60 per cent active” 
acetjd pepsm m vanous concentrations of sulfunc acid 

anah’-zed for nitrogen, activity, and pH Stirrmg for a longer time did not alter 
the solubihtv appreciablj^ The pH was detennmed electrometrically with a 
hj’drogen electrode 

The results m Fig 9 show no immmal solubility but a very gradual 
decrease in solubility as the pH decreases These results confirm 
the cataphoresis experiments in showing that the acetylated products 
ha\ e no isoelectnc point 

Titration Curccs — The titration curves of pepsin and three of the 
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acetylated products were detennmed, corrected, and are plotted m 
Fig 10 In titrating the *‘10 per cdnt active” acetyl pepsin, constant 
E M r readings could not be obtained m solutions more alkaline than 
pH 9 0 The drift was toward the aad region which seems to indicate 
that some hydrolysis takes place m solutions more alkalme than pH 
9 0 and the hydrolysis products combine with the alkali Up to 
pH 9 0 the E M E readings were perfectly constant 

It might be expected that acetylation of the ammo groups in pepsin 
would result in a difference in the titration curves at approximately 
pH 8 0 where the free ammo groups usually titrate This difference, 
however, of four amino groups per molecule is only 0 05 nulhmol of 
combined sodium hydroxide per gram of protein which could not be 
detected with any degree of certainty 

Experimental Procedure 

The crystal filter cakes of the different acetyl preparations were washed a number 
of limes with half saturated magnesium sulfate and while on the funnel from the 
last filtration were washed with small quantities of dilute hydrochloric acid until 
the filtrates gave no sulfate preapitate on the addition of banum ion The h> dro 
chlonc aad was washed out with k/10 potassium chlonde solution 10-15 gm of 
filter cake was then stirred to a paste and diluted to 50 ml with n/10 potassium 
chlonde solution and the suspension placed m a cell connected to a calomel half 
by means of a saturated potasstura chlonde agar bndge The solution was 
stirred rapidly but did not foam 2 05 N sodium hydroxide was run into the 
suspension from a 5 ml buret through a long capfilary extending under the 
surface of the solution A h> drogen electrode, standardized before and afterwards 
with n/10 hj drochloric aad was used m the determination of e if F When the 
solution reached pH 12 0 the volume and nitrogen content were detcnmned. 

Enzyme Preparations Used for Titration Curves 1 Pepsin — ^Tmce cr^’stal 
hzed pepsin No 1 of Nov 21, 1933, contamcd 10 per cent non protem nitrogen 
4 8 gm of pure protem calculated from the nitrogen anal>’sis was used 

2 “ 100 Per Cent Active" Acetyl Pepsin — No 3 of Dec. 7, 1933, contained 4 
per cent non protem mtrogen, 2 8 gm of pure protem was used 

3 * 60 Per Cent Active* Acetyl Pepsin — ^No 13 of June 12 1933 and reerj's 
talhzed on Dec 10 1933, contamed 3 per cent non protem nitrogen 3 5 gm of 
pure protem was used 

4 "10 Per Cent Active" Acelyl Pepsin— Dec. 2S 1933 contamed 4 per cent 
non protem mtrogen, 4 3 gm of pure protem was used. 

Acid and Alkali XnacUvation — In stud3ang the aad and alkali 
inactivation of acetylated pepsins it was hoped that some difference 
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would develop which would indicate a new charactenstic property 
produced by the introduction of acetyl groups into the pepsin mole- 
cule The results are graphically represented in Figs 11 and 12 In 
Fig 11 the points for pepsm were taken from Northrop (21) The 
procedure in the experiment on the acid inactivation of acetylated 
pepsm was the same as that used with acid inactivation of pepsin (21) 
so that the results may be compared The change in activity could 



Fig 10 Titxation curves of pepsm and three different acetyl denvatives of 
pepsm at 20'‘C 

not be used as a measure of the loss in protem m the acid inactivation 
of acetylated pepsin for in strong acid the acetyl groups are hydro- 
lyzed resulting in an increase m the specific activity of the protem 

Experimental Procedure 

1 Acid Inactivation —5 gm of once crystallized "60 per cent active” acetyl 
pepsm filter cake was dissolved m 250 ml of water with the aid of sodium acetate 
5 ml of this soluhon was added to 20 ml of various concentrations of hydrochlonc 
aad, the solutions were kept at 35°C and analyzed immediately and after 24 hours 
for protem mtrogen 
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Z Alkah Inactivation — ^The enzyme solutions were made up to contain 3 mg 
PN/ml 1 ml of this enzyme solution was then added to 5 ml of u/l phosphate 



Fig 1 1 Per cent inactivation of pepsm and “60 per cent active” acetyl pepsin 
m various concentrations of hydrochlonc acid at SS^C 



Fig 12 Per cent mactivation of pepsin and three different acetyl derivatives 
of pepsm m phosphate buffer at various pH and at 23®C 

buffer at various pH and allowed to stand at 23’’C After 5 minutes S ml of this 
solution was titrated with S ml of sulfunc aad of a concentration to bring the 
resulting solution to pH 6 0 I ml was diluted for activity measurements b> the 
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hemoglobin method, the dilutions bemg so arranged that approximately the same 
colorimeter reading was obtamed 

The results plotted m Figs 11 and 12 show that the acid and alkali 
inactivation of acetylated pepsin solutions follow approximately the 
same course as that of the parent protem, pepsin 
One point might be mentioned which is not revealed in the figures 
and which, though not a difference in the proteins is of some interest 
A few moments after the acetylated pepsin was mixed with the 6 m 
hydrochloric acid a precipitate formed which remained during the 24 
hours of the experiment This precipitate was approximately 80 per 
cent of the onginal protein It was completely mactive and insoluble 
under conditions in which the onginal matenal was active and soluble 
It was found to be denatured protein Northrop (21) anticipated 
the presence of denatured pepsin protein in strong aad solutions but 
failed to find it It appears that his solutions were not carried to 
concentrated enough acid for on similarly treating pepsin with 6 m 
hydrochlonc acid the protein precipitated as denatured protem 

EXPERIMENTAL METHODS 

Acetylahon wtih Ketene 

The ketene used throughout this work was prepared by the thermal decompo- 
sition of acetone by means of a generator described by Herriott (14) A 500 ml 
round bottom flask was employed to hold the acetone A few alundum chips 
prevented superheatmg and bumpmg of the acetone as it was heated on a steam 
bath A long water condenser followed by an ice trap removed most of the poly- 
mers of ketene and the escaped acetone vapor The ketene was passed into the 
pepsm solution through an mverted 25 mm funnel It was found that a 500 ml 
wide mouth Erlenmeyer flask was the most convenient container for the enzyme 
solution smce it allowed the ketene to be mtroduced, the solution to be stirred %vith 
a mechanical stirrer, and samples to be removed without mterference During 
long (10 hour) exposures to ketene the Erlenmeyer flask was kept in water at 
25‘’C =fc2° for there is some heat developed on the introduction of ketene mto the 
solution 


pH Delertmnahons 

In general the pH estunations were made by the colorimeter method usmg the 
indicators recommended by Clark (22) 
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Achiitty Determtnatioiis 

Unless otherwise specified the activity determinations throughout this paper 
were made by the colorimetric method of Anson and MiTsk> (18) 

Nitrogen Ddcrtmnahons 

Protein mtrogen has been determined as the difference between the total mtro 
gen and the non protem nitrogen This is justifiable when the non protem 
nitrogen is a small part of the total nitrogen The enzyme solutions were diluted 
to contam 1-2 mg of mtrogen per ml , 1 ml was used for the total nitrogen, 2 ml 
was placed m a SO ml centrifuge cup and 10 ml of boihng 5 per cent trichloro- 
acetic aad added, the cup was shaken a moment and placed m a beaker of cold 
water After cooling the suspension was filtered and 6 ml of filtrate used for 
mtrogen analysis This is the non protein mtrogen All mtrogen determinations 
were made by the micro Kjeldahl method as described by Northrop andKumtz 
(19) 


Acetal Lshmahon 

A volume of enzyme solution contaimng 0 5-0 75 gm of protein was placed m a 
ISO ml beaker and this m turn placed in water at approximately 45®C At least 
five times that volume of boilmg 5 per cent tnchloracetic acid was added and the 
beaker placed immediately m ice water and the solution stirred rapidly This 
treatment preapitates the protem and coob the resulting suspension in a very 
short time After coolmg the suspension was filtered without suction and the 
preapitate washed with distilled water xmlil the filtrate was blue when tested with 
the mdicator brom cresol green indicating that the filtrate was pH 5 0 or more 
This usually required from 15-20 washings with water The washmg removed 
the acetic acid which had been present in the solution as acetate buffer but was 
converted to acetic acid by the excess tnchloracetic aad The denatured protein 
IS completely insoluble under these conditions ^Vhen the preapitate had been 
wrashed free of aad most of the water was drawn off with the aid of suction and the 
preapitate dissolved m a small amount of dilute alkali or sodium phosphate After 
the preapitate had dissolved completely 1 ml of 4 u sodium hydroxide was added 
and 1 ml of solution withdrawn and analyzed for mtrogen from which the protein 
content was calculated The remaimng hquid (approximately 11 ml) was put 
mto a test tube and allowed to stand at 3S*C for at least 5 days After this time 
10 ml was put into a ISO ml modified Claisscn distilling flask with 5 ml of 85 per 
cent phosphonc aad (reagent grade) and 0 2 ml of octyl alcohol The alcohol 
prevents foaming of the protein which would otherwise render vacuum distillation 
impossible The distiUmg flask was kept at S0-60®C on a water bath while the 
receiving flask was cooled with r unnin g water Distillation was earned out for 15 
minutes at 20 mm of mercury pressure At the end of this time the receiving flask 
was removed the sides washed down with a few ml ofwater, adropofO Spcrccnt 



64 


CRYSTALLINE ACETYL DERIVATIVES OE PEPSIN 


phenolplitlialem added, and the solution titrated to a faint pink witli n/50 sodium 
hydroxide As a check^ on the titration figure and on the identity of the aad as 
acetic aad a drop of 0 1 per cent brom cresol green was added and the solution 
titrated back to pH 4 7 corresponding to the pK of acetic acid, with n/50 hydro- 
chlonc aad. The second titration will be half of the first titration if only acetic 
aad IS present in the distillate After the titration the receiving flask was nnsed 
out with distilled water and fitted onto the distilling flask 5 ml of water and 0 2 
ml. of octyl alcohol were added to the distilling flask and the distillation, followed 
by the titration, was earned out as before This was repeated a third time which 
was usually sufficient to carry over nearly all of the acetic acid A blank of 0 10 
ml. of n/50 sodium hydroxide for each distillation and titration was deducted from 



Fig 13 Change m acets 1 groups per molecule of protem durmg acetylation 


the total titration value before the amount of acetic acid distilled over was calcu- 
lated 

The abo\ e procedure was used for most of the acetyl estimations but m the case 
of pepsm a small amount of tnchloracetic acid survived the washmg and distilled 
o\ er This aad was probably combmed with the free NH 2 groups as a salt It 
was detected b> the second or back titration to pH 4 7 When dilute sulfuric acid 
was used m place of tnchloracetic aad this difficulty was avoided 

To illustrate the precision of this method of acetyl estimation the mcrease m 
aceUl groups per molecule is plotted agamst the tune of acetylation m Fig 13 
Cur\ es I and H were obtamed from the same experiments as Curves I and II of 
Fig 3 were 

Acet> 1 estimations were made on pepsm and acet} lated pepsm by two methods 
other than the one described above One of the two methods consisted m heatmg 
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a mixture of 5 ml of protein solution and SO ml of a 25 per cent solution of p tolu 
enesulfomc aad to 110 C for 6 hours under a reflux condenser followed by the 
usual vacuum distillation and titration of the liberated acetic aad In the other 
procedure the protem, m 0 4 n NaOH, was heated to 100 C under a reflux con 
denser for varying periods of time up to 5 da>s and the liberated acetic aad deter 
mmed as m the other methods after acidifjnng the alkalme digest 2 ml of molar 
cadmium sulfate was mtroduced mto the distilling flask, to retain any h> drogen 
sulfide, ^\hlch is hberated on acidification of the digest The results of the three 
methods agreed although by the last method a shghtlv higher acetvl figure Vi'as 
obtained for both pepsm and the acetylated pepsm but the difference agreed v.nth 
the figures obtamed by the other two methods 

Ammo Nitrogen 

Pepsm decomposes rapidly mto non protem split products which have a high 
ammo mtrogen content and which can be removed only with difficulty The pepsm 
protem was therefore denatured, washed, and dissolved before analyzmg for ammo 
mtrogen It was denatured b> adding five times its volume of boding 5 per cent 
trichloracetic aad and the resiUtmg suspension cooled quickly m cold water 
After washing the preapitate at least three times with several volumes of water 
or 2 5 per cent tnchloracetic aad the residue was dissolved in dilute alkah or 
phosphate buffer The pH of the dissolved denatured protem was below pH 8 0 
These solutions contained from 40^ mg of protem per ml An aliquot of the 
solution was analyzed for total nitrogen from which the protem content was 
calculated The ammo nitrogen was determined on the Van Sl>ke micro appa 
Talus (15) The nitrous acid protem mixtures were shaken for 20 mmutes Most 
of the amino mtrogen estimations were made on solutions of the washed tnchlor 
acetic acid precipitate These analyses were easily reproduable and agreed with 
the figures obtamed b> anal>sis of native pepsm which had been washed with half 
saturated magnesium sulfate and which contained less than 3 per cent non protem 
mtrogen The figures obtained from aDal>'scs of these trichloracetic aad pre 
apitates were never higher than those obtamed with native pepsm- This result 
shows that no hydrolysis of the protem occurs during denaturation unless there is 
a simultaneous couplmg of an ammo group at some other pomt The amino 
mtrogen content for native and denatured pepsm was also determmed b> Sbren 
sen a formol titration as modified by Northrop (23) and found to agree with the 
values obtained b> the Van Sl> ke nitrous aad method 

SUMMARY 

Crystalline pepsin has been acetylated by the action of ketene in 
aqueous solution at pH 4 0-5 5 As acetylation proceeds the activity 
decreases, the decrease being more rapid at pH 5 0-5 5 than at 4 0-4 5 

Three acetyl denvatives have been isolated from the reaction 
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mixture and obtained m crystalline form The ciystal form of these 
denvatives is similar to that of pepsin 

Fractionation and solubility detenmnations show that these prepa- 
rations are not mixtures or solid solutions of the original pepsin with 
an inactive derivative 

A compound which contains three or four acetyl groups and which 
has lost all of its original primary ammo groups can be isolated after 
short acetylation It has the same activity as the original pepsin 
A second derivative containing six to eleven acetyl groups has also 
been isolated It has about 60 per cent of the activity of the ongmal 
pepsin A third derivative having twenty to thirty acetyl groups and 
about 10 per cent of the activity of ongmal pepsin can be isolated after 
prolonged acetylation The 60 per cent active derivative on standing in 
strong acid solution loses some of its acetyl groups and at the same time 
regains the activity of the original pepsin The compound obtamed 
m this way is probably the same as the completely active three acetyl 
denvative obtamed by mild acetylation These results show that 
acetylation of three or four of the pnmary amino groups of pepsin 
causes no change m the specific activity of the enzyme but that the 
introduction of acetyl groups m other parts of the molecule results in a 
marked loss m activity 

The solubdities, ammo mtrogen content, acetyl content, isoelectric 
point, and the specific activity have been deterrmned by a variety of 
methods and found to be different from the correspondmg properties 
of crystaUme pepsin The pH-activity curves, acid and alkali inac- 
tivation, and titration curves were not significantly different from the 
same respective properties of pepsin 
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A CONVENIENT KETENE GENERATOR 
By ROGER M HERRIOTT 

{From the Laboratories of The Rockefeller Institute for Medical Research 
Princeton, N J) 

(Accepted for publication, Apnl 21, 1933) 

A simple apparatus for the preparation of hetene (CH =C=0) 
from acetone vapor is described by Ott, Scbroter, and Packendorff 
(1) A more ngid and convement apparatus has been designed and 
used by the writer (Fig 1) Pyrex glass used in both the filament 
support and bulb reduces the possibility of cracking or breaking The 
removable filament support makes it possible to replace the filament 
in a few moments By turmng up the ends of the 30 mill tungsten 
leads sealed into the glass, one may wmd on the platinum or tungsten 
wire and thus rapidly replace the filament 
Platmum wire (Brown and Sharpe gauge No 30) across a 110 volt 
circuit gives satisfactory results A resistance in senes with the lamp 
regulated to let 2 to 6 amperes through the filament results in a rapid 
evolution of ketene After 8 to 12 hours continuous use there is a 
carbonaceous deposit on the filament This deposit, being extremely 
bnttle, may be removed by drawmg the platmum filament over any 
sharp edge The wire is then ready to be used again A duphcate 
support and filament may be constructed which will he ready to 
replace the one in use if it bums out or breaks 
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RESULTS OF IRRADIATING SACCHAROMYCES YTTH 
MONOCHROMATIC ULTRA-VIOLET LIGHT 

I Morphological and Respiratory Changes 
By ROBERT H OSTER 

{From the Laboratory of General Physiology, Harvard University Cambridge) 
(Accepted for pubbcation, March 8, 1934) 

The development of quantitative methods for studying the effects of 
ultra violet radiation on bacteria by such workers as Ward (1893), 
Bang (1905), Bayne-Jones and von der Lingen (1923), and more 
recently by Gates (1929-30) and Wyckoff (1931-32), has only recently 
been apphed to other organisms such as yeast Lacassagne (1930) 
exposed 5 elhpsotdetts under a filter which transmitted the band of 
wave lengths of the mercury vapor arc spectrum between 2800 and 
3800 A u and noted that three categories, (o) immediate death, (6) 
deferred death (two cell groups), and (c) cells which, after a retarda 
tion in cell division, ultimately recovered their reproductive powers, 
could be distinguished in the irradiated cells 

Wyckoff and Luyet (1931) showed that yeast exposed to high ener 
gies at several sharp bands in the mercuiy vapor spectrum fell into 
similar categories to those of Lacassagne, with the production of some 
giant cells Their results tended to mdicate a multiple quantum hit 
relation between survival ratio and time of exposure 

It IS of interest to extend these results by a determination of the 
vanous factors involved in the selective absorption of radiant energy 
by the orgamsm over a fairly complete range of w ave lengths at care 
fully measured madent energies 

The present investigation* was proposed by Professor W J Crozier 
as a search for stimulating and inhibitory effects of ultra violet energy 

* The apparatus and the opportunity for an investigation of the effects of 
measured monochromatic ultra violet hght on yeast cells nere available m the 
laboratory of Dr Frederick L Gates and it was under his direction that this study 
was earned out. 
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upon small organisms Yeast was chosen because of vanous obvious 
characters which commend its use for this purpose 
This paper deals with the several reactions indicated by morpho- 
logical changes, and with the respiratory activity of the yeast subse- 
quent to irradiation The influence of certain modif}ang factors, 
internal morphological changes, the lethal spectrum, and the relation 
between the survival ratio and the incident energy on the basis of 
quantum considerations, will be given later The measured vanables 
were (1) wave-length, (2) intensity of the incident radiation, (3) 
period of exposure, (4) ratio of the number of cells forming normal 
colonies to the onginal number, (5) ratio of the number of cells sur- 
viving to the original number, (6) changes in cell size and structure, 
and (7) the number of cells formed per colony In the respiratory 
changes the rate of consumption of oxygen by irradiated suspensions 
of yeast was studied in relation to the period of exposure 

Methods 

Light Source — The source of ultra-violet light was a vertical quartz mercury 
vapor arc i\ith a tungsten anode, operated at 67 volts, 5 5 amperes, m senes with a 
resistance from a 120 volt, d c supply line It is practicable m the ultra-violet 
region between the wave-lengths 2225 and 3132 A u to separate out lines, or 
groups of lines, of sufficient intensity at 2225, 2302, 2345, 2378, 2482, 2536, 2652, 
2804, 2967, 3022, and 3132 A u The operating temperature of the lamp during 
the course of the experiment was controlled by a small blower set up to force a 
stream of air over the quartz tube 

Quarts Monochromator — The characteristic hght frequencies m the quartz 
region of the mercur)' arc spectrum were separated and focused on the test objects 
bv a large quartz monochromator of special design This was the same instru- 
ment used bj' Gates (1929-30 a, b, 1930-31) and assembled by him A descnption 
of it IS given in his article (Gates, 1929-30 a, p 233) 

Energy Measurement —The energy mcident upon the test object was measured 
in ergs per mm = per sec by a sensitive thermopile connected through a ballast 
resistance to a sensitive galvanometer (Gates, 1929-30 a, p 233) 

Test Objects — ^AU of the present experiments were made on Saccharomyces 
cercvtsiac (Hansen), Amencan Tx-pe Culture No 2335, onginally obtained from 
Professor F W Tanner and mamtamed m this laboratory for a number of years 
h\ Dr A E XavezandDr T J B Stier This stram of yeast was chosen because 
of Its long cultnation under standard conditions and because of certain known 
growth and temperature characteristics (Richards, 1928, and Stier, 1932-33) 

5 cere-isiac being practicallj sphencal does not offer senous orientation problems 
when seeded on an agar surface for irradiation For most of the experiments 
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the yeast was transferred ever> 24 hours b} inoculating a fresh slant of 2 per cent 
agar and 1 5 per cent malt extract (Difco) with a loopful of cells from the parent 
culture The nutrient medium on autodavmg for 20 minutes at IS pounds pres 
sure has a pH of 4 7 This is well on the aad side and is unfavorable for the rapid 
growth of most wild molds and bacteria encountered m the laboratory but favor 
able to the yeasts 


EXPERIMENTAL 

Suspensions of j east of standard turbidity with a depth of disappearance of 70 
mm (Gates, 1920) were made up from 24 hour cultures incubated at 25 C To 
break up any clumps of cells the suspensions were forced up and down 12 to 15 
times through stenie cotton with a sterilized pipette On examination under the 
microscope such suspensions were found to contam less than 1 per cent of two-cell 
groups 

The suspension was flowed over the surface of malt agar contained m small 
Petri plates 5 5 cm in diameter which were attached with wax to 5 1 X 7 6 cm 
glass shdes The excess fluid was poured off and the plates allowed to stand m a 
vertical position until the water remammg on the agar surface had evaporated or 
had been absorbed 

Inoculated plates thus freed of surface hquid, were covered with a crystal 
quartz plate to compensate for the quartz window of the thermopile and ^\ere 
mounted in a vertically placed mechanical stage in the plane of the thermopile 
junctions By a rack and pmion either the plate or thermopile could be brought 
into the path of the beam of hght passed by the cut slit of the monochromator 
The seeded agar was irradiated over a sharply defined rectangular area of approxi 
mately S X 30 mm Four irradiated areas separated b> equivalent control areas 
were obtained on each plate These were located at predetermined settings of the 
vernier scale of the mechamcal stage The cells were irradiated with timed ex 
posures and at measured mtensities of the monochromatic radiation, at room 
temperatures between 22® and 25 C 

After exposure the plates were incubated for 36 hours at 25 C * For examma 
tion under the imaoscope the exposed areas were located at corresponding settings 
on the vernier of a mechamcal stage similar to that on the monochromator The 
central area of each exposed region betiveen parallel ruled hnes m the e>e-piece 
and stops on the stage was searched m making each count Although mtensit> 
readmgs were taken before and after each set of exposures, and although the lamp 
was operated on high capaat> storage batteries, certain experimental errors were 
found to occur These may involve uneven distribution of the inadent energy 
over the area irradiated and possibly the partial protection occasionally afforded 


Incubation temperature of 25 C was chosen because it is well below the cnti 
cal temperature for this stram of yeast (30 C) above which the jeast although 
growing more vigorously gives nse to abnormal cells and colonics 
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by overI>mg cells, even after careful filtenng and agitation of the inoculating sus- 
pension Considerable vanation in the distnbubon of the cells over the surface of 
the agar in the test plates may occur These variations have been partially com- 
pensated by performmg several sumlar experiments (4 to 7) at each nave-length 
studied, and by a statistical analysis of the data obtamed The number of cells 
in each irradiated area n-as found to vary between 150 and 300, so that for an 
average of five experiments a pomt on the final average smoothed curve at a given 
nav e-length represents the counting of approximately 1000 cells The percentage 
of cells growmg mto normal macroscopic colomes was determmed and plotted 
agamst the mcident energy as shown m Figs 1 and 2 To treat the data statisti- 
cally, the method of averagmg data from the smoothed curves of several parallel 
experiments was used as discussed by Gates (1929-30), A similar treatment was 
accorded the data obtamed usmg the three-ceU stage as a criterion of survival 

Changes in Cell Size and. Shape 

In the earher experiments, as in those with 5 aureus and B coh by- 
Gates (1929-30), colony formation was chosen as a smtable all or none 
cntenon of survival, no e-vidence of a stimulative action was found, 
even for exposures of 1 and 2 seconds But observations with higher 
powers of the microscope revealed vanous changes and abnormahties* 
m cell growth and reproduction following irradiation, which indicated 
a penod of survival even though normal colomes were not formed 
On exanunation from 24 to 50 hours after irradiation, the extent of 
these changes was found to vary widely among the cells m a given 
irradiated area This occurred at all of the wave-lengths studied 
between 2225 A u and 3132 A u 

Similar to the findings of Lacassagne (1930) and Holweck (1930) different types 
of cell groups could be distmguished (1) smgle cells of normal size and shoimg no 
■nsible change, (2) single cells of giant size, (3) two-cell groups usually from 3 to 
8 limes the size of normal two-cell groups and more spherical m shape, but often, 
in the budded cell, showing a long filament-like process constncted at intervals 
along Its length, (4) three- to eight-cell groups, usuall> giants, which reach this 
stage and cease budding or go on to form buds of normal size to the production of 
a small colonx , (5) larger groups m which although retarded m the formation of 
a normal sized co!on\ show httle evidence of giant cells 


^\\\ cLoj and Lu% et (1931) ha\ e called attention to some of these changes smce 
the first ob^ivations -were made m this laboratorx After the e-xposure of jeast 
fwn 15 da\ cultures the% obser\ed giant cells and cell colonies of reduced size 
which, although not rcproducmg, seemed to be “ah-ve ” 
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Inhihttton of Reprodttclton 

It IS evident that two visual cntena can be selected for judging the 
effect of ultra violet radiation upon the yeast cell The first of these, 
inhibition of reproduction, is arbitrarily defined as the checking of 
budding to such an extent that the cell cannot give nse to a normal 
sized macroscopic colony before the environmental conditions of 
nutntion and waste products inhibit further activity Obviously, 
vanous stages of inhibition may occur 



The curve is drawn through the average points obtained from the smoothed curves 
of five experiments for comparison with pomts of smgle observations 

Usmg this cntenon, a definite, measurable, retardation could be 
demonstrated at the wave lengths 3022, 2967, 2804, 2652, 2536, 2482, 
2378, and 2225 Au Areas irradiated at these frequenaes showed 
that the size of the colomes decreased at a rate roughly proportional 
to the increase in inadent energy The relation between the number 
of normal sized colonies in the irradiated area as compared to the num- 
ber of normal sized colomes in equal control areas on each side of the 
exposed area and the incident energy is shown in Fig 1, where the 
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smoothed cur\*e is drawn through the points obtained from five similar 
experiments at this wave-length In Fig 2 the cur\’-e is plotted and 
drawn from data obtained from averaging the values taken from the 
smoothed curves of each of these experiments Points taken arbi- 
tranl}- at interv’-als of 10 per cent (clear circles) from the curve of Fig 
1 fall very close to the mean cur\'e 



Fig 2 The course of inhibition of normal colony formation of 3 east cells 
irradiated at 2536 A 11 , plotted from mean I’alues obtamed from smoothed curves 
of S\ e parallel experiments Circles mdicate averages of smgle observations of 
four experiments grouped at 10 per cent mten-als 

From these curt^es the relation between the percentage of inhibition 
and the inadent energx' appears to be loganthmic over the inhibitory 
range There seems to be some resemblance to a first order reaction 
cur\ e but the same argument holds here in the case of yeast as has 
been presented by Gates (1929-30), namely, that a distnbution of 
resistance factors in the indi\ndual cells probably appreciably modifies 
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the shape of the curve from that of a true first order reaction This 
point will be referred to in a subsequent paper dealing with the quan- 
tum relations between light energy and the biological effect In a 
24 hour culture budding is still occumng at a rapid rate (Fig 3), so 
there will be a mixed population of cells of different ages, and hence 
some vanation in their reaction to absorbed quanta 



Fig 3 The effect of ultra violet hght (2652 A u ) on the rate of reproduction of 
jeast. Curves showing the increase in the number of cells per colony m normal 
and irradiated areas 


Cells exposed to the other lines of the mercury vapor arc spectrum 
showed the same type of curve but the energies required to effect the 
same degrees of inhibition differed with the wave length indicating 
that the absorption coeffiaent vanes with the frequency of the ina- 
dent radiation 

Inhibition of reproduction, i e the inability to form normal sized 
colomes, constitutes a satisfactoiy and clear cut end point for what 
appears to be the pnmarj effect of absorbed ultra violet energy It 
has been noted, however, that when the penod of exposure is increased 
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beyond this point to higher energies varying degrees of injunous 
effects occur until all budding and growth are stopped In analyzing 
this more extended part of the reaction a second end-point was chosen 
to serve as a cntenon for measuring the survival of irradiated cells 

Lethal Efect 

Survival may be judged in various ways, such as the resistance 
of the cell to penetration by certain dyes {cf Fulmer and Buchanan, 
1923-24, Fraser, 1920), the continuance of gas exchange, or fermenta- 
tion, etc , but for this study the ability of the yeast cell to form two 
or more daughter cells was selected as the criterion of survival The 
survival ratio (Swann and del Rosano, 1932) then becomes the ratio 
of the number of cells which bud at least twice to the ongmal number 
of cells exposed ^ 

Using this cntenon, detailed counts of the groups developing from 
irradiated cells were made, after incubation in darkness for 36 hours 
at 25°C The survival ratio (N/No) was calculated from the data of 
each experiment (after correcting for the number of apparently dead 
single cells as obtained from average values from the adjacent control 
areas) and the mean values were obtained by the method used m study- 
ing inhibition of colony formation for points arbitrarily taken at inter- 
vals of 10 per cent on the smoothed curves of several experiments at 
each of the wave-lengths studied, as given above 

The protocol of a single t}T5icaI experiment at 2652 A u is given in Table I to 
sho\s the different classes mto which the groups of cells were placed The 


^ The use of the tv o-cell stage as an end-point appears to be unsmtable The 
difficultj of prev enting the presence of some two-cell groups m the ongmal inoculat- 
ing suspension, even after frequent filtermg through cotton and great dilution 
vith distilled vater, and the possibihty that a first buddmg may occur m a few 
ceUs in the interval betveen moculation of the plate and its exposure, make the 
tv o-cell stage unsatisfactor}’- as an mdex of survival Agam, when irradiated 
groups of cells are v ashed gentb"^ vath eosm v ater stam at from 30 to 50 hours after 
irradiation, manv of the two-cell groups are found to take up stam m one or both 
of the cells m a manner similar to the va\ cells killed bj- heat take up this stam 
Also on examining the exposed areas at from 60 to 72 hours after irradiation, 
man\ of the tv o-cell groups ha\ e fuzzj indefinite edges, indicatmg that cy tolysis 
has occurred 
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actual number of each class has been converted mto percentage of survival after 
correctmg for the number of smgle cells found in equal control areas Curves were 
plotted from these data for the smgle cells, two-cell groups, and survivors (all 
groups of three or more cells) By perfornung several experiments at each wave- 
length the ends of the survival curve can be determined mth much more accuracy 
than b> an> smgle complete experiment The average deviation was found to 
varj between 4 and 9 per cent at the lower end of the curve for all wave lengths 
and between 4 and 11 per cent at the upper end In no case was the maximum 
per cent deviation twice that of the average deviation 


TABLE I 


Protocol of a smgle experiment earned out at wave length 2652 A.u at 23® 
(Experiment 45) and examined after 36 hours 




2-ceU Btige 

3-4 cell stase 

S-16 cell sUse 

16<eU lUee 

trts/mm * 

P*r <tnt 

per efrU 

perctnt 

per teni 

ft tent 

101 

0 

0 



100 

152 

4 0 

4 0 


0 

91 

203 

4 5 

1 S 

1 5 

2 8 

89 7 

254 

6 6 

0 


2 2 

91 2 

304 

13 2 

2 5 

1 26 

12 0 

71 0 

350 

7 0 

12 3 

1 8 

12 3 

66 6 

405 

19 7 

13 1 

5 0 

26 2 


456 

27 0 

15 0 

6 3 

16 7 

35 0 

506 

37 0 


6 5 

4 4^ 

26 1 

557 

38 5 

23 8 

14 7 


10 0 

608 

53 0 

35 4 

6 3 

4 2 

1 1 

684 

55 0 


9 0 

8 0 

1 0 

760 

77 0 


7 0 

4 0 

1 0 

836 

78 0 

13 S 

6 8 

1 7 

0 0 

900 

88 0 


3 0 

0 0 

0 0 

1000 

93 5 


1 5 



1150 

96 5 

1 5 

2 0 



1217 

99 0 


1 0 



1268 

100 0 


0 0 




A summary of the mean values obtained by this method for the 
vanous representative Imes of the mercury arc spectrum are given in 
Table IT In Fig 4 the curves for all wave lengths studied have been 
plotted with the exception of 3022 and 3132 A u Reference to Table 
n shows that the inadcnt energy required to “lull” S ccrtr>7stac at 
3022 A u IS very much higher than at any of the shorter wave lengths 
studied This fact was indicated in the study of inhibition Expo 
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sures of an hour or more at 3132 A u produced such slight effects m 
inhibiting colony formation that no further tests at this wave-length 
were performed 

The curves of Fig 4 form a family of curves as judged by averaging 
the energies as well as the numbers of yeast cells in terms of 100 per 
cent This gives a curve similar to that of any of the individual curves 
Some energy is absorbed before any yeast cells react For all wave- 
lengths included in Table II the energy incident upon the cells before 


TABLE n 


Summary of Survival of Saccharomyces cerevisiae after Irradiation with Mono- 
chromatic Ultra-Violet Light 
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j 
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1 
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60 

5 

1340 
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1353 

1047 
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1157 

54 2 “ 

10 
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2003 

1203 
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766 

985 

47 9 “ 

20 

1018 

1686 
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39 6 " 

30 

895 
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40 
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1314 
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28 5 » 

50 

677 

1156 

696 
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457 
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23 5 " 

60 

572 

1030 

593 

440 

398 

489 

19 6 “ 

70 i 

472 

880 

500 

378 

343 

419 

15 0 “ 


363 

720 

395 

311 

282 

360 

11 0 “ 


258 

556 

292 

240 

220 

275 

7 2 “ 

HI 

169 

320 

180 

) 

155 

131 

191 

4 5 “ 


any lethal effect is observed is approximately 8 per cent of that required 
to “kill” all of the cells Between 20 and 30 per cent of the cells do 
not survive after an exposure relatively short when compared with that 
reqmred to suppress budding of all of the cells The remaining 70 or 
SO per cent require from 70 to 80 per cent of the energy reqmred to kill 
all of the cells The last 2 or 3 per cent of the cells are affected at a 
shghtly lover rate The relation betveen survival and inadent 
energy* over the major portion of the lethal range is thus almost 
loganthmic 
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An analysis of the data obtained at the different wave lengths on 
the basis of the percentage of the different types of cell groups showed 
no significant differences in the relative proportions of the several 
types 

Many two cell groups present after 24 hours incubation proceed 
to bud and form groups of three or more cells 36 hours after irradiation 
This point IS illustrated by Fig 5, in which were plotted the percent- 
ages of the different cell groups in an area which received 554 ergs of 
energy per mm = at 2652 A u as determined after 24 and 144 hours 



Fig 4 Survival of yeast cells irradiated with monochromatic ultra violet hght 
Incident energies required for lethal acuon at vanous wave lengths A, 2652 A u , 
B,2S36 Au ,C,2S04Au ,D 2225 A u , E, 2482 A u F,2378Au 


incubation at 25°C Observations made over a penod of 150 hours, 
on yeast incubated m a moist chamber showed that the average de 
crease in the number of two-cell groups (bj budding) at from 36 to 150 
hours was 5 per cent in an area exposed to a total madent energy of 
1420 ergs per mm ’ at 2536 A u at 8°C and incubated at 25°C 

The Shape of the Curve 

The shape of the curves of Fig 4, espeaally through the middle region 
where the rate of tilli ng is almost constant for each added increment 
of energj , resembles that of a first order reaction Certain departures 
from the cun e of a true first order reaction indicate that other fac 
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tors beside absorbed energy probably play a part in influencing the 
course of injury Lower resistance in young bud cells would explain 
the sharp curvature of the first part of the curve, Ingh resistance of 



Fig S The relative numbers of different cell groups at (A) 24 hours after 
irradiation, and (B) 144 hours after irradiation, with an incident energy of 5S4 
ergs per mm -, and incubated at 25°C 


old resting cells "would tend to modify the shape of the lower end of 
the curve 

If the influence of this factor is removed (assuming that the perfect 
state of all of the organisms being in the same stage of development 
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could be attained) we would expect a closer agreement between tbese 
curves and the theoretical curve based on the probabihty of absorbed 
quanta produang an effect, according to the hypothesis of Crowther 
(1924, 1926), WycLoff (1930, 1931-32), Swann and delRosano (1932), 
and others A test of these data on the quantum hit to kill hy- 
pothesis will be considered later 

Rale of Budding of Irradiated Cells 
To detemune the effect of the absorbed energy on the rate of repro 
duction of 5 ccrevistae, counts of the number of cells per colony in 
both normal and irradiated areas were made at vanous intervals dunng 
the SO hour penod following exposure of the plates Average values 
for approximately 100 colomes per area were plotted semiloganthmi- 
cally against the elapsed tune (Fig 3) for a senes of exposures at 
2652 A u In contrast to the typical growth curve shown by the nor- 
mal cells, cells irradiated with small amounts of energy show a much 
lower rate of budding with a longer imtial lag penod and the curve 
does not flatten out as early as with normal cells Colonies formed 
by the irradiated cells continue to lag behind normal colonies and over 
a ISO hour penod appear to reach the resting stage soon after the 
normal colomes, even though their distnbution is such as to permit 
plenty of nutnUve material to be available Drying out of the 
medium was prevented by a layer of imneral od which was found not 
to inhibit budding of non irradiated cells 
Due to the possible presence of inhibitory substances hberated by 
adjacent dead cells, a complex condition not open to a defimte analysis 
on the basis of the incident energy to which the parent cell was exposed 
IS the more probable state 

Oxygen Consiimplion of Yeast after Irradiation' 

The contradictory statements in the hterature in regard to a stimu 
lative (de Fazi, 191S, 1921), or a destructive effect of ultra violet light 
(Feuer and Tanner, 1921, Tanner and Ryder, 1923) as measured by 
the respiration and fermentation of yeast, indicate a need for further 

* These observations were carried on with the eooperation of Dr P S Tang of 
the laboratory, and I am mdebted to him for help and advice on the respiration 
measurements 
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quantitative observations on the gas exchange of these organisms 
Suranyi and Vermes (1929), also, found an increase of “about 50 per 
cent” in tbe oxygen consumption of yeast at pH 7 2 

To test this point further, but using monochromatic light of known 
intensities, a senes of observations was made on the oxygen consump- 
tion of yeast suspensions immediately after irradiation 

Yeast cells from a 24 hour culture mcubated as before on malt agar (pH —4 7) 
at 25°C were washed with about 15 cc of distilled water into a glass cell (3 5 X 
2 2 X 2 cm ), the exposed side of which was a quartz plate From this cell 2 cc 
of the well stirred suspension was pipetted mto each of three comcal Warburg 
vessels contaming 0 1 cc of 10 per cent glucose soluhon with 0 1 cc of 10 per cent 
KOH in the mset The remamder of the solution was immediately exposed for 5, 
20, or 60 minutes to the selected wave-length of ultra-violet light of measured 
intensity (c/ Gates, 1929-30), while stirred constantly by a stream of air 2 cc 
of this irradiated suspension was pipetted mto each of three Warburg vessels con- 
taming the same solutions as the controls All the vessels were then joined on to 
the manometers of Warburg respirometers (Warburg, 1926) and mounted in the 
thermostat together with a thermobarometer The volume of the vessels was 
about 13 cc , the thermostat was kept at 25°C , and the rate of shakmg was main- 
tained at 40 osallations per rmnute mth a throw of 8 cm Observations were 
taken dunng the 2J hour penod immediately after irradiation Usually, before 
starting the respiration tests, portions of the suspension were withdrawn from the 
irradiated and control specimens, washed m distilled water, and plated on nutrient 
agar for morphological observations to be made 24 hours later 

The significant results of these tests are given in Table III in the 
order of increasing wave-lengths used In many of the observations 
at the different wave-lengths tested such small energies were involved 
that no effect, either functional or morphological, was observed, these 
have been omitted from the table However, in the experiments listed 
in Table HI microscopic examination of the irradiated samples plated 
on agar and incubated for 24 hours at 25°C showed that from 19 to 87 
per cent of the cells had been definitely affected by exposure to single 
w ave-lengths, and up to 96 per cent using the major part of the spec- 
trum Nevertheless, it wall be noted that no observable effects on 
0; consumption were obtained dunng the 2| hour penod until more 
than 80 per cent of the orgamsms had been so affected that normal 
colonics did not result from their subsequent growth In only two 
instances, (3) and (6), did the O; consumption drop off to an appre- 
aable extent In the case of (3) the exposure was the maximum 



R H OSTER 


85 


energy used m the espeaally effechve ivave length 2536 A u In (6) 
96 per cent of the cells showed abnormahties after exposure to the 
whole spectrum between 2482 and 3132 A u 
In obtaimng the percentages of abnormal cells due to irradiation 
the following types were considered (1) cells produang after 24 hours 
colonies of less than 16 cells, (2) cells growmg to giant size and pro- 
duang giant daughter cells, often of semi filamentous form, (3) small 
colomes produced by these giant cells which after the fourth or fifth 
generation usually produce normal sized cells, (4) single cells considered 
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• Detenmncd by a parallel eipentnent 


to be dead Cells which later produce two or more buds must be con 
sidered ahve at the time of the Os consumption measurements 

Results similar to those indicated m Table HI have been obtained 
by Weis and Osann (1925) for the effect of X raj s upon the grow th 
and metabolism of yeast In certain cases in the present tests the 
suspensions were left in the respirometers and their Oj consumption 
detemuned 20 hours after the end of irradiation The same relation 
between control and irradiated specimens was found as that eustmg 
during the 2J hours immediately following irradiation 
It appears from these experiments that a mass of jcast cells so 
affected by exposure to ultra-violet hght that they subsequently reveal 
functional and morphological abnormalities evidenced by failure to 
multiply and by giant cell formation, may nevertheless maintain a 
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normal respiratory rate during the hours immediately following 
exposure 


DISCUSSION 

It IS evident that whether one or several reactions are involved in 
the cell changes resulting from irradiation with monochromatic 
ultra-violet light, yeast cells can undergo different degrees of damage, 
from which they may or may not recover (1) Inhibition of normal 
sized colony formation occurs at a low energy level (2) The repro- 
ductive mechanism is so damaged that only a few budded cells are 
produced Growth of the cell, however, continues to the formation 
of giant cells, which are often associated with an apparent division of 
the nuclear body (3) At a still higher incident energy the metabolic 
functions of the cell are injuriously affected as shown by a lowered 
rate of oxygen consumption (4) Finally, with relatively long expo- 
sures, growth and reproduction are stopped The cell may give rise 
to one bud, increase in size, and apparently “live” for a period of time 
but ultimately “dies” as indicated by loss of selective permeabihty 
to certain dyes, and by cy tolysis (deferred death) , or it may show no 
change excepting a more granular appearance of the cytoplasm and 
degenerative changes (immediate death) (5) The shape of the curves 
for the lethal action of ultra-violet hght on S cerevtstae suggests that 
more factors than {a) single quantum hits on several molecules, as 
suggested by Rahn (1929-30), or (b) multiple quantum hits on a 
sensitive region, as suggested by Wyckoff and Luyet (1931), influence 
the reaction The age and reproductive stage of the cell at the time 
of exposure are probable additional factors which modify the course 
of the process 

The results of the respiration tests establish another cntenon of the 
effect of ultra-violet light on microorgamsms based on the change of a 
metabolic process, as compared with cntena based on morphological 
changes This effect falls between simple inhibition of reproduction 
and complete killing of the cell as judged by loss of selective permea- 
bility of the yeast cell wall (Rahn and Barnes, 1932-33) ® More 

® Rakn and Barnes (1932-33) observed that a decrease m the fermentation of 
glucose b^ >east also falls between loss of reproductive power and “death” as 
measured b> loss of sclectn e permeabihtj to Congo Red 
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observations on the Oi consumption are necessary before drawing 
definite conclusions concermng the region of the spectrum in which 
the effects are greatest, but the data of Table m suggest the possi 
bihty that the maximum effect occurs at a different wave length than 
is found for the morphological effects 

I wish to express my gratitude to Professor W J Crozier and Dr 
Fredenclv L Gates whose aid and advice made this invesbgation 
possible 

SUMMARY 

Effects of measured ultra-violet hght on the yeast 5 ceremstae 
have been studied Methods of cultunng and irradiating the yeast, 
of estimating the nature and extent of the changes produced, and the 
means used in produang and measunng the radiation are given 

No evidence of a stimulative action was observed The absorbed 
energy did not produce an all or none effect, arbitrary cntena must be 
used for judging the vanous inhibitory and lethal effects With 
mcrease in the inadent energy diverse effects were produced until 
abnormal cell growth and "death” of the cells resulted Changes in 
the rate of oxygen consumption did not occur until after a high pro 
portion of the irradiated cells were so damaged that they produced 
abnormal cells 

The shape of the curves relating effect to energy are similar for van- 
ous wave lengths but different energies are required to produce the 
same effect at each of the wave lengths studied The similanty of 
the curves to that for a first order reaction is noted, but attention is 
called to the modifying influence of accessory factors such as the age 
of the cells A companson is made of the morphological and metabolic 
changes on the basis of energy requirements, and their relative value 
as cntena in judging the effects of ultra-violet light on yeast and 
physiologically similar microorganisms 
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ELECTRICAL RESPONSES FROM THE LATERAL LINE 
NERVES OF FISHES 

V Responses in the Central Nervous System* 

By HUDSON HOAGLAND 

{From the Physiological Laboratory, Clark University, Worcester) 
(Accepted for publication, March 9, 1934) 

Descnptions of nerve impulses discharged from lateral Ime nerves 
of trout and catfish have been presented m previous papers (Hoag- 
land, 1932-33 a, h, 1933-34 a, h) A vigorous repetitive discharge of 
impulses, mdependent of all external stimulation, has been found to 
occur over the lateral Ime nerves — ^apparently produced by continu- 
ous chemical reactions m the sensory cells (neuromasts) of the lateral- 
Ime system The frequency of the impulses has been found to be 
modified by mechanical and thermal stimulation of the ncuromasts 

Experiments with certain fresh water fishes other than trout and catfish previ 
ously faded to show an} nerve impulses m lateral hue nerves either of the "spon 
taneous’ variety or in response to external stimulation of the neuromasts The 
procedure previously employed mvolved dissecting free 1 to 2 cm of the nerve and 
drawing it across electrodes connected to the recordmg system It was pointed 
out (Hoaglond 1932-33 6) that this treatment might render very deUcate nerves 
inactive Heavily scaled fresh wrater fish that have been exammed seem to have 
tenuous and poorly mjelmated lateral Ime nerves compared to the larger and 
stronger lateral hne nerves of trout which have very small scales, and to those of 
catfish which have no scales at all That this explanation of the absence of activitj 
IS probably correct is indicated b> the fact that by a modification of the original 
procedure I have found it possible to obtain the repetitive discharge of impulses, 
in the absence of external stimulation, m goldfish and m perch Responses have 
been obtamed from the lateral Ime nerves of these fish b> careful exposure of the 
nerves and by shppmg concentric micro electrodes under them tn situ Out of 
seven goldfish lateral hne nerves, three clearly gave the spontaneous responses 
Similar responses were obtamed from four out of six lateral hne nerves of perch 


• The expenses of this work have been defrayed m part b> a grant from the 
Permanent Science Fund of the American Acadera> of Arts and Sciences 

89 



90 


IMPULSES IN NERVOUS SYSTEM OE FISHES 


despite the fact that these nerves are extremely small and dehcate Strokmg the 
flank and flexmg the the trunk augmented the responses 

By the use of concentnc nucro electrodes it has been possible to follow the dis- 
charge of the lateral-hne nerve mto the central nervous system of trout, catfish, 
goldfish, and perch Twenty-three fishes were tested The electrodes are made 
accordmg to the general method first used by Adnan and Bronk (1929) A fine 
glass-sheathed silver wire is mserted mto the tube of a No 24 hypodermic needle, 
the silver core thus actmg as one lead and the steel needle as the other The 
electrodes are connected through resistance-coupled amplifiers to an iron armature 
oscillograph and to a loud speaker The silver core electrode was connected to 
the gnd of the first valve and the tube of the needle was grounded 

The fishes were either anesthetized with chlorotone or, for the most part, immo- 
bilized by sevenng the spmal cord just posterior to the medufia Results were the 
same m both cases Care was taken to assure agamst the recordmg of muscle 
action currents 

A certain small amount of electrical activity was found m some of 
the fishes m the forebram and tectum This may have been due to 
mjury, or to spontaneous central discharges It did not seem to be 
correlated with illummation of the eyes Massive contmuous dis- 
charges of impulses were found m the tuberculum acusticum, m which 
the lateral-lme nerve termmates This discharge was silenced on one 
side by severmg the ipsilateral lateral-lme nerve but remamed on the 
other side as long as the lateral-hne nerve on that side was active A 
^^gorous discharge of impulses was also found m the cerebellum cor- 
rcspondmg to the mcoming discharge of lateral-lme impulses The 
cerebellar activity was diffuse Sevenng one lateral-hne nerve 
produced a fairly uniform dechne m the impulses throughout all 
regions of the cerebellum Cuttmg both lateral-hne nerves sUenced 
the cerebellum as well as the tuberculum acusticum 

The spontaneous discharge of trout lateral-hne nerves has been 
found m certain cases to be sjmchronous (Hoagland, 1933-34 b) 
The sjTichronization produces a distmct note from the loud speaker 
The s\Tichronized discharge was foimd to enter the tuberculum 
acusticum where the synchronization ceased, the impulses on reach- 
mg the cerebellum bemg quite arhythmic 

\\'hen the electrodes were placed m the bram at the place of en- 
trance of fibers supplymg the neuromast groups of the head, no 
evidence of spontaneous discharge was found — suggestmg that the 
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facial neuromasts may have functions different from those along the 
trunk 

These experiments support the notion that discharges from the 
lateral Ime receptors have a tonic ramforcmg r61e m postural and 
swimming reflexes (Hoagland, 1933-34o), m addition to servmg as 
pressure and probably as thermal receptors The contmuous en 
gagement of groups of neurones m the tuberculum acusbcum with 
the reception of the spontaneous discharge is also suggestive m con- 
nection with the demonstrated inhibition of auditory responses of 
catfish which possess functionally mtact lateral Ime systems (Parker 
and Van Heusen, 1917) 


SUMMARV 

Records of spontaneous discharge of nerve impulses, similar to that 
previously desonbed m catfish and m trout, have been obtamed from 
lateral hne nerves of goldfish and perch, by the use of concentnc 
micro electrodes shpped under the nerve m sttu These impulses 
have been followed mto the central nervous system They enter the 
tuberculum acusticum and thence apparently spread diffusely through 
the cerebellum Cuttmg the lateral hne nerve on one side silences the 
ipsilateral tuberculum acusticum, but only reduces the mtensity of 
ipsilateral cerebellar activity Cuttmg the remammg lateral Ime 
nerve silences activity throughout the tuberculum acusticum and the 
cerebellum 

The mamtenance of tome activity m the tuberculum acusticum by 
way of lateral hne discharge may account for the inhibitory effects 
of the lateral hne system on auditory responses 
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THE “BOUND” WATER OF BIOLOGICAL COLLOIDS A 
REPLY 

Bv DAVID M GREENBERG and WALDO E COHN 
{From the Dimston of BiocJientietry, Umversity of Cahforma Medical 
School Berkeley) 

(Accepted for pubbcation, March 12, 1934) 

TLe interpretation of the paper by Greenberg and Greenberg (1) 
has recently been questioned by Bull (2) In the paper under ques- 
tion it was pointed out, on the basis of the assumption that “bound” 
water has lost its solvent properties, that the amount of water m this 
condition m colloidal solutions can be estimated by ultrafiltration 
experiments with the use of appropriate reference substances From 
a senes of such experiments it was decided that the amount of bound 
water assoaated with such substances as gelatm, casern, and the serum 
protems must be quite small 

Bull pomts out that an adsorption of the solute along with the 
water molecules would mvahdate the mterpretation offered After 
questionmg the accuracy of the data,he goes on “Assummg, however, 
for the moment that the experimental results desenbe completely the 
actual conditions, we make the further assumption that 5 per cent 
of the solute is adsorbed, t e , bound by the substrate — surely a modest 
estimate ” “ It can be seen that this small correction changes 
the final values m some cases by over 300 per cent ” By 
means of this assumption. Bull shows the possibility of consider- 
able amounts of bound water bemg present, but not detected In the 
ongmal paper this possibihty was considered As was there pointed 
out, one of the conditions which may mvalidate the method is the 
selection of a reference material which to some extent reacts with or 
IS adsorbed by the colloid To obviate this as an obscunng factor, a 
considerable number of reference substances were used m the ongmal 
eiqienments It seems quite a stram upon the assumption advanced 
by Bull that the reference substances, urea, glucose, KCl, NaCl, and 
NajSOi, should all be adsorbed by gelatm to an extent just suffiaent 
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to mask the presence of bound water The adsorption of the solutes, 
assumed by Bull, however seemmgly modest, would be more convmc- 
mg if bolstered by an experimental demonstration rather than a 
mere opimon 

No such evidence bemg offered, a number of experiments were 
earned out by us designed to detect an adsorption of one of the refer- 


TABLE I 


Test for Bound Water, and the Adsorption of Glucose in Gelatin and Casein Solutions 
by Means of Varying Quantities of Glucose as Reference Substance 


No 

Glucose in original protein 
free solution per 100 ml 

Glucose in ultrafiltrate 
per 100 ml 

Bound water per gm 
of protein 


5 0 per cent gelatm 

in water + glucose 



mg 

mg 

em 

1 


101 

0 20 

2 


199 

-0 10 

3 


301 

0 07 

4 

400 

400 

0 00 

S 

500 

502 

. 

0 08 

A\erage 

0 05 


6 per cent casein m aqueous solution containing 5 millimols NaHCOj and 5 miUimols 

NaCI per 100 ml 


1 


100 

0 00 

2 


200 


3 


301 


4 

400 1 

397 


5 

500 

503 

0 10 

A\ crage less than 

0 01 


ence matenals used, namely glucose, by the protems, gelatm and 
casern An exammation of adsorption isotherms and their mathemat- 
ical equations, makes it highly improbable that a constant fraction of 
the glucose v ould contmue to be adsorbed as its concentration m the 
solution IS \ aned Determmations of the glucose ultrafiltered from a 
senes of protem solutions with varjong amounts of glucose then 
should demonstrate if it is adsorbed even though at some one pomt 
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the bound water exactly would counterbalance the glucose adsorbed 
Such a senes with the protems, gelatin and casein, is given in Table I 

EXPERIMENTAE 

To avoid uncertam corrections as to non-solvent volume of the protems the 
aqueous glucose solutions ■were first accurately prepared from pure recrystalhaed 
glucose and to measured volumes, weighed amounts of purified protem bone dned 
m an electric oven at 100®, were added Tht gelatin was added to mixtures con 
tammg only water besides the glucose, but to brmg the casern mto solution, the 
aqueous media also contamed 5 miUimols of NaHCOj and 5 miUimols of NaClper 
100 ml The gelatm was dissolved by wanmng to 50®C and the casein by vigorous 
agitation Portions of these protem solutions wem now ultrafiltered m the manner 
previously described (1) Samples of the ultrafiltrate and of the ongmal aqueous 
solution were anal>' 2 ed for glucose by the Hagedom Jensen method (3) The 
analyses were earned out m dupheate, often m tnpheate The estunated accuracy 
of the analysis is to better than 0 5 per cent 

DISCUSSION 

The data tabulated m Table I show there was a complete recovery 
of the 100 mg of glucose per 100 ml of solution added to each m- 
creasmg step m the senes Over a fivefold increase in the glucose 
concentration, there is no mdication whatsoever of an adsorption of 
glucose by the protems The net amount of bound water per gram 
of each protem, calculated m the last column of the table, while 
positive m value, is \ery small m amount From this test, the as- 
sumption of Bull does not appear tenable, and if any amount of 
glucose IS adsorbed by either of the two protems, it must be small 
mdeed 

The probability of an adsorption or association of some water with 
the protems and other lyophihc colloids has not been deiued by us 
However, our evidence mdicates it to be far below the amount claimed 
A rough picture of the probable order of magnitude of the bound water 
can be gamed from an exammation of the molecular dimensions of the 
protems From modem work on surface adsorption, mitiated by 
Langmmr (4), no more than one or two monolayers of water molecules 
would be expected to be adsorbed by the protems with such force as to 
lose their solvent properties Furthermore, the whole of the protem 
surface would hardly be expected to be the seat of such an adsorption, 
but rather only the polar portions If the protem hemoglobm is used 
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as a model (molecular weight 66,700, density 1 3), from Avogadro’s 
number, there is calculated, assummg the protem to be spherical, the 
molecular diameter 54 5 A u and the volume 85,000 A u ® By a 
similar calculation, water molecules have a diameter of 3 85 A u and a 
volume of 30 A u'* If the water molecules are considered to be 
spheres packed over the sphencal surface of the protem, then about 
300 water molecules are required to give a complete surface layer of 
water 1 molecule thick Assummg the water molecule to be a cube, 
about double this number can be so packed The first consideration 
would lead to a value of 0 08 gm of bound water per gram of protem 
for each monolayer of water, the latter about 0 16 gm However, 
smce, as has already been mentioned, the total protem surface can 
hardly be adsorptively active for water, these amounts must be 
reduced to some fractional values, a good deal less Such a considera- 
tion leads to the wew then that an adsorbed water layer a number 
of molecules thick on the protems would hardly 3aeld a detectable 
amount of bound water 


SUMMARY 

The objection by Bull to the estimation of bound water by ultra- 
filtration, because of an assumed adsorption of the reference substance, 
has been found mvahd for glucose No adsorption of glucose by the 
proteins, casein and gelatin, could be detected 
The estimation of the bound water of protems from the probable 
surface adsorption of w ater by protems leads to only a small value 
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ON THE THEORETICAL SIGNIFICANCE OF TALBOT’S LAW 
Bv WILLIAM ARNOLD and C P WINSOR 

(From the Laboralory of General Pkynology, Harsard Umrersiiy Cambridge) 
(Accepted for publication, March 16, 1934) 

Stimulation of a photoreceptor by intermittent light produces a 
sensation of contmuous bnghtness if the frequency of mterruption is 
suffiaent Talbot’s law states that the effect of such mtennittent 
light of mtensity I is identical with that of continuous light (havmg 
the same spectral composition) of mtensity L if 

al - 1 (1) 

where a is the fraction of a complete cycle dunng which the mter- 
mittent hght acts Expenment mdicates that Talbot’s law holds 
withm the limits of experimental error over a wide range of mtensitics 
It IS the purpose of this note to show exactly what this means for a 
theory of photoreception 

The assumptions which we shall make about the nature of the photo 
receptive process are essentially similar to those which Hecht has 
made m numerous papers ' We have chosen, however, to express 
them m as general a form as possible, m order to provide the broadest 
possible theoretical basis for deduction 

We assume, first, that the state of the photoreceptor at any m- 
stant IS completely determmed by its previous history m respect of 
exposure to light This assumption needs no speaal justification, 
clearly, it is impliatly made by all experimenters 

Second, we assume that photoreception involves tuo processes, 
essentially opposite m direction, one of which is sensitive to light, 
the other mdependent of hght 

As we have phrased it, this assumption makes no speafic statement 
about the physics or chemistry of the photoreceptor The assump 
tion Itself IS rendered plausible by the facts of light- and dark adapta- 

^ Hecht S J Gen , 1918-33 
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tion and the stead)’’ state Its eventual justification must rest on its 
ability to explam and predict the results of experiment We should 
like to emphasize the fact that ’vve do not imply that a complete account 
of photoreception can be given m terms of only two processes We 
are con\Tnced of the contrary, but we feel that the simplest and most 
general mechamsm should be postulated mitiaUy 
A third assumption is necessary to descnbe the relation of the 
photoreceptor mechanism to sensation It seems clear that sensation 
must m some way be connected with the rate of the photosensitive 
process The facts of persistence of images show, however, that 
sensation is not determmed by the value of this rate at any smgle 
mstant We must rather assume that the rate of the photosensitive 
process at any mstant affects sensation over a penod of time, and 
that therefore sensation is somehow determmed by the value of the 
rate over a prewous penod of tune For our present purposes it is 
not necessan’’ to make our assumption more precise, smce we shall be 
dealmg entuely ■vnth conditions imder which the sensation produced 
is essentially constant, v e need only assume that sensation is deter- 
mmed by the mtegral of the rate of the photosensitive process taken 
over a smgle cj’cle 

We may now express these assumptions mathematically 
Let 

7 = light intensity 

r, 3 , = numencal \-alues of the vanables other than hght intensity which 

detcnmnc the rates of the processes in the photoreceptor, 

-1 >= ar, > ) = rate of the photosensitive process, 

•w = V ) = rate of the “dark” process 

From our first assumption it folloivs that there exist functional 
relations between the vanables x, y, z, , which will allow us to 
climmate all but one of these from the expressions for the rates, so 
that we may wnte without loss of generahty 

X) and '•< = 

While light falls on the photoreceptor, the net rate of change of X 
wnll be 


— = *(I,A') - ^{AO, 


( 2 ) 
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and when no light falls on the photoreceptor, the rate of change of X 
will be 


it 


- inVC) 


(3) 


Let us now suppose that the eye is exposed to intermittent light, 
the duration of a light flash being oAt, and the interval between 
flashes (1 —a) Al Then (if At is short enough so that we may neglect 
second derivatives) we have durmg a hght flash 

AXt - aAHMIX) ~ itlW), (4) 

and durmg a dark period 

AXd “ - (1 - a)M ( 5 ) 

The net change m X over a complete cycle is AXi + AXn, which is 
zero when the steady state is reached, so that we have, after obvious 
simplifications 

a0i(r, A*) — " 0 (6) 

In contmuous hght, when the steady state is reached, we have 

- 0 ( 7 ) 


Let us now suppose that the conditions of the experiment are such 
that the sensations produced by the two lights are equal By our 
third assumption we may wnte 


Sensation 





( 8 ) 


If the period A< is suffiaently short, we may write this as 

S-/MIX)At) (8) 

The function/ we assume smgle valued and monotomc, at least withm 
the range considered (Were this not the case, ue should have the 
possibihty that an mcrease m illununation would result m a decrease 
m the sensation of brightness ) 

In the case of flashmg hght, the sensation over a penod is 


*8/ ““ /(^i(7 A)aAl), 


(9) 
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and in continuous light 

5. = XJ)At) (10) 

If sensation in the t^^ o cases is equal, e have clearly 

,;„(7, X)aM = <^.(7., X.)A/ (11) 

We nov ob5er\e that (11), together vsTth (6) and (7), allows us to 
vrite 

,^.(X) = ^iW), (12) 

and if, as it is reasonable to assume, ^2 is a smgle valued and monotomc 
function, we have 

X = Xc (13) 

Talbot’s law states that (11) holds only if 7r = aT Usmg this 
and (13) we ha\e 

aMl, X) = X) (14) 

Xow (14) is a functional equation of the form 

/(xy) = x/(y) 

Settmg y = 1 we have as the solution of this equation 

fix) = x/(l) = Cx 

It therefore follow s that the rate of the hght-sensitive process must be 
of the form 


-1 = I<>iiX) (15) 

Caressed m words, equation (15) shows that Talbot’s law has as a 
necessaiA consequence that the rate of the photosensitive process is 
directh proportional to the mtensity of the mcident light This 
result IS completely mdependent of any assumption we may be led 
to make as to the manner m which the light and dark processes involve 
other \anables than light 

SUWM A.R\ 

On the assumptions (1) that the state of the photoreceptor is 
comokteU determmed b\ its pre\nous history m respect of exposure 



WniJAM AKNOtD AND C P WINSOR 


101 


to Lght, (2) that pbotoreception involves two opposed processes, one 
of which IS light sensitive, and (3) that sensation is determined by the 
rate of the light-sensitive process integrated over a short period, it is 
shown that Talbot's law has as a necessary consequence that the 
veloaty of the light sensitive process must be directly proportional to 
the intensity of the stimulatmg light 




THE RATE OF ESCAPE OF HEMOGLOBIN FROM THE 
HEMOLYZED RED CORPUSCLE 

Bv HUGO FRICKE 

(From the Walter B James Laboratory for BtophysicSj The Btotogical Laboratory^ 
Cold Spring Harbor, Long Island) 

(Accepted for publication, March 27, 1934) 

In a recent note* Ponder has presented some prelinunary results 
of an experimental study of the rate of escape of hemoglobm from 
hemolyzed red corpuscles These experiments are of mterest m 
fumishmg a means of determmmg to what extent the hemoglobm is 
free to leave the corpuscle In particular, assurmng that the resist- 
ance IS at the surface of the corpuscle, the permeabihty of the surface 
of the hemolyzed corpuscle may be calculated 

In the followmg discussion the assumption is made that the escape 
of the hemoglobm is due solely to its diffusion, neglectmg any mfluence 
of gravity or convection currents, which appears wholly justified m 
vien of the small size of the corpuscle and of the expenmental condi- 
tions under which the escape is measured 

We may start by assurmng that the surface of the corpuscle becomes 
completely permeable, and shall calculate the change of concentration 
of hemoglobm as a function of time, at any particular point, which 
takes place as a result of the diffusion The corpuscle may be as- 
sumed to be spherical, smce it appears* that a chaftge to this form 
always takes place before hemolysis occurs We shall furthermore 
assume that Fick’s law holds, with a constant value (D) of the cocffi- 
aent of diffusion The diffusion of hemoglobm does decrease uith 
mcreasmg concentration,* but to too shght an extent to rcqmre its 
consideration for the present purpose 

The increase of hemoglobm mside a spherical shell, thickness dr, 

* Ponder, E , Proc Soc Exp Biol and Med ,1934, 31, 562 

* Ponder, E The mammabanred cell and the properties of haemolytic sj'stcms 
Protoplasma Monographien, Eerbn, Gebrtidcr Bomtraeger, 1934 6 

* Zede, K , Btochem Z , Berlin 1933 268, 347 
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during the time dt, is equal to the difference between the amount of 
pigment entermg and leavmg the shell The latter quantities are ob- 
tamed from Pick’s law The followmg differential equation expresses 
this equahty 



from which 


d{rc) _ d?ifc) 

dt ~ dr^ 


■nnth the boundary conditions as follows 

I = 0, c = Co from r = 0 to r = p, and c — 0 from r = p to r = «» , 
where c is the concentration of hemoglobm at a distance r from the 
center of the corpuscle and at a time i, and Co is the mitial value of c 
The radius of the corpuscle is p The solution is 



<I> represents Gauss’ function 


Introducing - = C, also - = R, and 

Co P 



( 1 ) we have 


1 \/r r - 

2\/r R L • 


(1 -R)' 
T 


- (1 -X) 


— f 


+ § 


.*(- 




( 2 ) 


The average concentration of hemoglobin, along a radial Ime, is 


C„ = f C dR 


( 3 ) 


Equations (2) and (3) are solved by numerical calculation Fig 1 
sho^^ 5 C„ as a function of T 

Ponder s obscr\ ations arc for the corpuscles of man Taking the 
\ olumc of this corpuscle as 89/t*, the value of p is p = 2 8 X 10“'* cm 
Measurements of the coefficient of diffusion of hemoglobin by Sved- 
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berg and Nichols^* by Northrop and Anson/ and by Zeile* are in sub 
stantial agreement, giving as an average, over the range of concentra 
tions of hemoglobm from 0 to 30 per cent D = 7 X 10"’ cm '/sec 
(20°C ) For a value of C = 0 10, ne obtam from Fig 1 T = 6 
Therefore, from (1) < = 0 16 sec 

The much longer times of 2 to 6 seconds, found by Ponder* for 
hemolysis with dilute saponm, mdicates a considerable impermeability 
of the surface of the hemolyzmg corpuscle 



Fig 1 The escape of hemoglobin, as a function of tune, from a completely 
permeable erythrocyte 

For stronger saponm, the method used by Ponder cannot be used, 
because it requires a fairly long latent penod That the escape be 
comes more rapid as the concentration of the lysm is increased, may 
be concluded by observmg the speed with which a suspension of 
cells hemolyzes when strong saponm is added It is quite possible 
that a tune of escape as short as the theoretical value may be at 

*Svedberg T , and Nichols, J B ,J Am Chan , 1927,49, 2920 

* Northrop J H and Anson, ML/ Gen Phyaof 1929 12, 54t 
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HEMOGLOBIN FROM HEMOLYZED RED CORPUSCLE 


tamed, mdicatmg complete permeability of the surface of the hemo- 
lyzing corpuscle Measurements of the electric conductance® lead to a 
similar vle^^ Cells hemolyzed with mild lysms (water, complement- 
amboceptor, saponm m low concentration) were found to have a 
conductance too low to measure, while with strong saponm a complete 
permeability of the cells to the electric current is produced 

^Vhen the time of escape is as long as that found by Ponder, the 
concentration gradient of the pigment is practically all at the mem- 
brane of the corpuscle The permeabihtyju^ of tlie membrane to hemo- 
globm IS defined as the amount of pigment passing tlirough imit area 
of membrane, m unit time, per unit difference of concentration The 
decrease of hemoglobm mside the corpuscle is equal to the amount 
vhich has diffused through the membrane The latter quantity is 
obtamed from Pick’s law The followmg equation expresses this 
equality 


xp’ dc = fXg X c X 4tp’ dl 


from which 


c Co e ^ 


P t Co , 

= - log, - cm /sec. 


(4) 


Usmg Ponder’s a\ erage time of 4 seconds for — = 0 10 with p = 

Co 

2 S X 10~* cm , we obtain fig = 5 X 10“® cm /sec This value of 
is for a concentration of saponm which produces complete lysis of 
human cells (m 1 per cent NaCl) m about 3 mmutes 

Claim has been madc^ that the hemoglobm leaves through one or 
more holes m the membrane It may be of interest to calculate, for 
an} particular number of holes, how large each hole must be to give a 

‘ FncLc, H , and Curtis, H J , The cicctnc impedance of suspensions of biologi- 
cal cells, in Cold Spring Harbor s\mposia on quantitative biologv, Cold Spring 
Harbo-, Long Island Biological Assoaation, 1933, 1, 117 
' Pondev p SS 
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certain rate of escape With N holes (diameter d) placed so far from 
each other that there is no appreaable mterference, the value of /ijr is 


1‘a 


096 X d X D X N 


(S) 


This expression may he obtamed from a formula givmg the solution 
of a parallel problem m electnc conductance ' Usmg ti„ = 5 X 10“* 
cm /sec , D = 7 X 10-'' cm Vsec , and p = 2 8 X 10“^ cm , we 
obtam 


d — to-* cm 
a 

CONCXUSIONS 

A theoretical treatment is given of the rate of escape of hemoglobin 
from the hemolyzed red corpuscle For complete permeability of the 
surface, as may perhaps be produced by strong lysms, the time taken 
for the hemoglobm to decrease to 10 per cent of its ongmal concen- 
tration is calculated to be 0 16 seconds (for the human cell) For 
dilute saponin, givmg complete lysis of human cells in 3 mmutes. 
Ponder found a time of escape of 4 seconds, from which the permea- 
bihty of the membrane to the pigment is calculated to be /Ih = 
5 X 10-‘ cm /sec 

“Jeans J H , Electnatj and magnetism Cambndge University Press, 1915, 
356 




THE CHLOROPHYLL UNIT IN PHOTOSYNTHESIS 

By WILLIAM ARNOLD and HENRY I KOHN 

(JFrotn Iki Laboratory of General Physiology^ Harvard University, Cambridge) 
(Accepted for publication April 12, 1934) 

Emerson and Arnold (1) have shown that for each molecule of 
carbon dioxide reduced per flash of hght by the green alga ChloreUa 
pyrenotdosa, approximately 2,500 molecules of chlorophyll are present ' 
This suggests the existence of a chlorophyll unit in the photosynthetic 
mechamsm Before such a suggestion may be accepted, however, at 
least four possible criticisms must be met 

I There may be a large error in the determination of the oxygen 
production by means of the Warburg Barcroft apparatus 

II There may be a large error m the determination of the chloro 
phyll content by means of the spectrophotometer 

III ChloreUa pyrenotdosa may be umque in having such a large 
ratio 

rV The theory upon which rests the analysis of photosynthesis 
by means of flashing light (2) may be inadequate 

The purpose of this paper is to discover whether any of the fore 
going forbids the assumption of a chlorophyll umt 

I 

To check the accuracy of the manometne determinations, oxygen 
was produced by electrolysis in a specially adapted Warburg vessel 
at a rate approximately equal to that obtained in expenments on 
photosynthesis It was found that the rate determined manometn- 
cally agreed to within 10 per cent with that calculated by Faraday’s 
laws These expenments were performed with Mr C S French 

* The conditions of their expenments were such that the cells, suspended in 
carbonate buffer, were illuminated intermittentl> by short flashes (less than 1 X 
10~* sec ), separated b> dark penods adequate for the restitution of the photo 
chemical reaction to maximum sensitivity Light saturation and carbon dioxide 
saturaUon were maintamed 
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CHLOROPHYLL LTNIT IN PHOTOSYNTHESIS 


II 

The spectrophotometnc estimation of chlorophyll was checked by 
determining the value of the extinction coeffiaent of a standard solu- 
tion, contaimng 10 mg of chlorophyll per liter of methanol, according 
to the method previously described (1) Two monochromatic sources 
were used, neon — 6598 A , and helium — 6678 15 A , of which the lat- 
ter can be made the bnghter The chlorophyll preparations, from 
horseweed and spinach, had been extracted in Professor 0 L Inman’s 
laboratory at Antioch College, and were obtained through the cour- 
tesy of Dr Emma ]\I Dietz In Table I the values of the extinction 
coeffiaent obtained are compared with the value previously published 
by Emerson and Arnold (1) No sigmficant differences are apparent 


TABLE I 

Extinction Coefficients for Methyl Alcohol Solutions Containing 10 Mg of Chlorophyll 

per Liter 


Chlorophj 11 solutions 

Neon , 
-6598 95 A 

Helium , 
-6678 15 A 

CHorella (Emerson and Arnold (1)) 


WtM 

Spinach 



Horsevreed 

0 486 

■ii 


For the preparations of chlorophyll used above, the value of the 
ratio of chlorophyll a to chlorophyll h is about 3 to 1 Since ap- 
proximately this value holds for most plant material, the extinction 
coefficients determined may be generally applied The chlorophyll 
estimations thus made will not be absolute, but such errors as are 
resident m them cannot decrease markedly the computed size of the 
chlorophx 11 unit 


ni 

Since the high xaluc of the ratio, mols of chlorophyll /mols of car- 
bon dioxide reduced per flash, may be a unique property of C pyrenoi- 
dosa, we ha\ c determined its x aluc for slx species of plants drawn from 
four ph\ la, b> expcnmcntal methods similar to those utilized by Emer- 
son and Arnold (1) The results, summarized m Table II, indicate 
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that the value of the ratio, designated p, normally falls between 2,000 
and 4,000 Adverse culture conditions and ultraviolet radiation can 


TABLE n 

Values of the Ratto p, Mols of ChJorophyll/Mols of Carbon Dioxtde Reduced fer 
Flashy for S%x Spectes of Plants 


Plant 1 

Position of Buitcnal In respdremeter vtsacl 

Temper 

iture 

Ratio 



C 


Bryophyllum calycinum 




1 

Leaf floated on surface of carbon 
ate buffer* 

31 5 

2 500 

2 

‘ 

31 5 

2 600 

Chlorella vulgaris 

Suspended in buffer 

25 0 

2 800 

Lemna sp 




1 

Floated m buffer 

25 0 

2 600 

2 

* 

25 9 

3 200 

3 


29 1 

2,900 

Ntcoitna langsdorjii 
(flowers) 




1 

Supported upright m well partly 


2 800 

2 

filled with tap water surround 
mg air space partly filled with 
buffer 

■ 

2,500 

Selagtnella sp 

Stem in tap water in side arm 
leaves projected above buffer m 
air space 

28 3 

4 200 

Stichococcus 

bactllans 




1 

Suspended m buffer 

25 0 

3,700 

2 

* * 

29 7 

5 000 


* Carbonate buffer composed of 15 parts 0 1 u K CO 3 plus 85 parts 01 m 
KHCOj 


increase the value of p, but m no case have tve been able to decrease 
the value to a small number 
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IV 

The significance of the high value of p, that a large number of chloro- 
phyll molecules are present for each molecule of carbon dioxide re- 
duced, IS dependent upon the validity of the assumptions made in the 
analysis of photosynthesis under flashing light (2) The most im- 
portant of these, for our present purposes, is that which dictates the 
availability of all chlorophyll for photochemical work at the beginmng 
of each flash However, if the life-time of the chlorophyll reaction 
should extend over the period occupied by a suffiaent number of 
flashes and their accompanying dark-times, the value of p would be- 
come a small number, eg , 10 But this possibility is rendered un- 
likely by the expenments of Warburg (3), who found the light efficiency 
of photosynthesis in Chlorella to be well over 50 per cent Since 
the efficiency is high, a life-time long enough to reduce the value of p 
would imply so large a change in the absorption coefficient of chloro- 
phyll dunng photosynthesis that it could not have escaped detection 

SUMMARY 

In SLX species of plants, representing four phyla, the minimum 
number of chlorophyll molecules present for each molecule of carbon 
dioxide reduced appears to he between 2,000 and 3,000 This find- 
ing suggests the existence of a chlorophyll unit 

CITATIONS 

1 Emerson, R , and Arnold, W , J Gen Phystol , 1932-33, 16, 191 

2 Emerson, R , and Arnold, W , / Gen Physiol , 1931-32, 16, 391 

3 M arburg, 0 , and Xegelcm, E , Z pbys Chem , 1923, 106, 191 



TEMPERATURE CHARACTERISTICS FOR METABOLISM 
OF CHLORELLA 

I The Rate of O2 Utiuzation of Chlorella pveenoidosa with 
Added Dex-trose 

Bv W J CROZIER P S TANG and C S FRENCH 
{From the Laboratory of General Physiology^ Barvard University^ Cambridge) 
(Accepted for pubhcatioD, April 16, 1934) 

I 

The unicellular alga Chlorella pyrenotdosa has been extensively 
studied with respect to its photos)mthetic activities {cf Warburg, 
1928, Emerson, 1928-29, Emerson and Arnold, 1931-32 , Arnold, 1933- 
34) It exhibits a measurable rate of respiration in Knop solution 
without glucose, this respiration seems to differ from the more active 
respiration apparent when glucose is added to the medium (Emerson, 
1926-27), as the two behave differently toward inhibitors (HCN, 
HjS, CO) With this organism, then, it should be possible to obtain 
temperature characteristics (Crozier, 1924-25) for the veloaties of 
the photosynthetic reactions, for several aspects of respiration, and 
for growth (multiplication) For these processes, also, the nature of 
the temperature relations may be investigated through the influence 
of alterations of the medium upon them In this way desirable in 
formation may be secured as to the meamng of the temperature char 
actenstic, fs of the equation 

_Ji_ 

velocity -* ke kt 

if the relationship is found to provide a satisfactory descnption of the 
measurements {cf Crozier, 1924-25, ct scq , Stier, 1932-33) Data 
suitably obtamed should then give some information as to the prob 
ability that the reproduable constant /x may have reference to a 
specific property of a relatively simple chemical system controlhng the 
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iEETA-BOUSil OF CHLORELLA. I 


rate of a measxired process (cf Crozier, 1924-25, Crozier, Stier, and 
Pincus, 1929, Pmcus, 1930-31) We know that exposure to ultra- 
\'iolet radiation may be used to mduce decay of pbotosyntbetic ac- 
ti\nty in CMorcUa without simultaneous interference with, respiration 
(Arnold, 1933-34) It may be found that cntical temperatures and 
other features of the cur\’es relating speeds of diverse respiratory 
actmties of CMorcIla to temperature are notably difierent Such 
findings vould be effective in support of the general conception that 
the kinetics of relatively uncomphcated controlhng catalyzed processes 
m h\mg cells may be adequately charactenzed in speafic respects 
We shall deal first vith respiration (0; utilization) by Chlorella in 
Knop solution contaimng 1 0 per cent glucose 

II 

A pure culture of Chlorella pyrcmxdosa from the same stock as that used for 
studies on photos\’n thesis b\ Emerson and Arnold (1931-32) was Lmdly supphed 
to us It V, as grown in Knop solution The flasks (W^arburg and Negelem, 1922) 
were about 300 ml in capacitj , glass-sealed except for the opemnp of the inlet 
and outlet tubes pronded for the passage of a gas mixture The latter was 5 
per cent CO- m air, stored m a commeraal gas c>hnder and allowed to bubble 
% cn genth through the cultures The flasks v ere placed m a large cr>'Stallizmg 
dish 30 cm aboi e three 65 i\ att frosted lamps, with a stream of water passmg 
conslantli through the dish to keep the temperature surroundmg the cultures at 
about 20° i 2° 

The culture solution is the modified Knop solution as used by Emerson (1926- 
27) Stock solutions V ere made up of 

(A) MgSO< 7H;0, 50 gm per hter 
(jB) KXOj, 25 gm per hter 
(C) KHrPOx, 25 gm per hter 
(Z?) Ca(NOj):, 11 3 gm per hter 
(E) FeSO< 7HiO, 0 336 gm per hter 
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gravitational force of 800 m a 100 mL flask for 5 minutes at a tune Under such 
conditions, a culture 7 to 10 days old gives about 500 amim of cells ^ 

A 2 ml portion of the suspension contammg about 20 mm • of cells was pipetted 
into a conical vessel of the Warburg respirometer The vessel used was about IS 
ml in capaaty with a side arm and with an inset for alkaU In our experiments 
the mset contained 0 2 ml of a 10 per cent NaOH The vessels had been soaked 
m chromate sulfuric aad mixture overmght, and were repeatedly nnsed with 
tap water, and then with distilled water, finall> they were filled with distilled water 
and allowed to stand for at least 10 minutes They were dried m an oven mam 
tamed at 105® A nng of paraffin was smeared around the inner edge of the mset 
to prevent the aeepmg of the alkali mto the mam portion of the vessel The 
vessels, after bemg connected to the manometers, were placed in thermostats 
the temperature of which may be mamtamed to withm ±0 01® (described by 
Stier and Crozier, 1932-33) The respirometers were shaken at a speed of 70 
complete oscillations per mmute with a throw of 8 cm Preliminary experiments 
showed that the rate of O consumption was independent of shaking speed between 
40 and 100 oscillations per mmute The experiments were performed m darkness 
and the readmgs were made with a weak neon lamp so arranged that the hgbt fell 
on a spot on the manometers At least 30 mmutes were allovved for thermal adap 
tation at each temperature before the stop-cocks of the manometers were closed 
and the first readmgs taken Readmgs were taken thereafter at about i hour 
mtervals for at least 2 hours and sometunes for 10 hours at a given temperature 
The temperature was varied m two waj'S In certam series of experiments, two 
to four thermostats were operated at once, each at a different temperature, and the 
rates of Os consumption by equal quantities of cells from the same suspension were 
compared In other senes of experiments onlj one thermostat was used and the 
cells were subjected to successive changes of temperatures throughout the range 
used For mstance, m one senes, the rates of O 2 consumption were observed for a 
certam length of time at IS® Without disturbmg the experimental set up, the 
temperature of the tank was lowered to 10® After a period of 30 mmutes for 
thermal adaptation, durmg which the stop cock of the respirometer was turned 
so that the system was open to the air the cock was dosed again and readmgs 
were resumed for another period At the end of this penod the temperature was 
lowered to 5 0® and the process was repeated After a penod of 5® the tempera 
ture was raised to 7 5®, to 12 5 , then to 17 5®, 22 5®, and fiiiall> to 25®, and read 
mgs were made at these temperatures after sufficient time had been allowed for 
thermal adaptation 


* The apparent volume of cells in a given suspension changes with conditions of 
centnfugmg The volumes obtamed arc giv^n merely for rough compansons 
and should not be taken for computation of absolute rates 



116 


METABOLISM OF CHLORELLA I 


m 

It IS necessary to show that at constant temperature the rate of 
respiration is sufficiently constant throughout the penod of observa- 



TIME 


Fic 1 ^noants of 0; consumed b\ Cllorella cells are plotted agamst time, 
four i p cal cipciments The rate of utilization of O; is constant for about 5 

hoj’j 

tion (Croncr and Xa\e7, 1930-31 , Tang, 1930-31 , Stier, 1932-33) and 
th-’t it IS not apprcnabh influenced by pre\nous sudden changes in 
tcnij .vturc 
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A number of experiments were performed at vanous constant temperatures for 
about 10 hours to establish the constancy of rate for the duration of our expen 
ments Fig 1 gives the results of four representative experiments, at 7 , 10®, 
20®, and 25® respectively The rates are constant for about 5 hours, after which 
they nse, due probably to mcrease m the number of Clilorella cells (or to growth 
of bacteria) Measurements made for shorter periods than 5 hours are then rclia 
ble within the errors of the method 

The controversial “stimulatmg’ effect of altematmg temperature on life 
processes has often been reported and discussed Kostjchev (1927) gives a review 
of this matter as it concerns respiration {cf Crozier and Navez, 1930-31, Tang, 
1930-31) To see whether sudden changes m temperature had any speaal effect 
upon O 2 consumption fay Chlorella, a senes of tests was made Three thermostats 


table I 

Effect of Sudden Changes in Temperature upon Rate of O 2 Consumption by Chlorella 
Pyrenoidosa 


Temperature cliaiise 

n 

" 

» 

■iSH 

1 0 

1 1 

1 0 


1 0 

1 2 

1 0 


1 0 

0 9 

1 0 

8-13® 

0 9 

0 95 

1 0 


n' is the ratio of the rates of the cultures subjected to changing temperatures 
(hereafter called £ C ) to those of the control cultures (C C) m the first penod 
when they were at the same temperature, « IS the ratio of the rates of £ C toC C 
when the former were changed to a lower or higher temperature n" is the ratio of 
£ C to C C when the former were returned to the onginal temperature m the 
third penod 

were operated at 8®, 13®, and 18® respectively Fourteen samples of Chlorella cells 
all from the same suspension, were distnbuted as follows four each at 8® and 18®, 
and 6 at 13® After a penod of respiration of about 2 5 hours, two cultures from 
the 13® group were transferred to 8® and two to 18® In return two cultures each 
from 8® and 18® were placed at 13 After a second penod of respiration, suffiaent 
time bemg allowed for thermal adaptation m all cases the cultures w ere again 
mterchanged so that they were at the same temperatures as thej had been at the 
beginning of the expenmenL Thus we have a set of two control experiments at 
each temperature which respired at constant temperature for a long time, and two 
cultures which were first subjected to a given temperature then to a lower or 
higher temperature and were finally returned to the ongmal temperature In 
all cases the rates for the cultures which were returned from a sojourn at a higher 
or lower temperature for a penod of about 2 5 hours were ver> nearly the same as 
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those of the controls -which remained undisturbed at the mitial temperatures 
The rate of Oj consumption of a culture transferred from a higher temperature to 



34 35 36 

l/r^abs X 


Fig 2 

Figs 2 and 3 Log rclati\c rates of O; consumption bj Chlorella pyrcnoidosa is 
plotted against l/T abs X 10* Each line represents a senes of experiments 
The order in ■'nhich the points were taken is cither marked by numbers attached 
to the groups of arclcs or by different saambok In the latter case the solid circles 
represent the erpenments made during the first period and the open ones are 
t^occ m'de in the second penod (sec text) The values of /i are given along the 
i'-di\'djal 1 res, sec text Fig 2 represents points taken from the data of Tang 
■"•d I re-’ch (1933-34) obtained in connection x\ith measurements made at -various 
O: te"^ o'’s 
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to a higher temperature, the rate is shghtly lower than that for a culture at the 
higher temperature from the begmnmg The differences are small and but for 
their consistency appear to be withm the limit of error The results are sum 
manzed m Table I 

When proper precautions are taken, that is, when suffiaent tune 
has been allowed for thermal adaptation, and when the experiments 
are not performed over too long a penod at a given temperature, the 
slight vanation of the rates with time and with sudden changes in 
temperature may be considered neghgible 



(/Tb^X 10^ 
Fig 3 
IV 


We may now consider the results obtained when Chlorella cells re* 
spire at temperatures ranging from T* to 27® Fourteen senes of ex 
penments were performed altogether, with the two methods already 
desenbed All the data are plotted individually in Figs 2 to 4, the 
ordinates give the logarithms of the relative rates of Oa consumption, 
the abscissae give \/T abs X 10^ Each senes consists of 1, 2, or 3 
experiments , all the points are plotted in the figures Whenever neces 
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saty the order m which the points were obtained is given by the 
numbers attached to the groups of points, or by the w^ay m which the 
points are represented In any given senes, the solid circles are 
points obtained in the first penod and the open circles represent points 
which w ere obtained at the second penod The values of /i, the tem- 
perature charactenstic (Crozier, 1924-25), are given along the indi- 
^'ldual lines It is seen that the values vary from senes to senes falling 
between 14,300 and 21,200 

Observations wnth Chlorella cultures, under the conditions w'e have 
descnbed, are open to a number of sources of confusion From much 
earher work we know that determinations of n from readings at two 
or three temperatures are subject to the possibility of a considerable 
imcertaint}’’ ansmg from the natural latitude of variation found in 
successive or repetitive determinations at the same temperature (c/ 
Crozier and Stier, 1924r-25, Stier, 1932-33), this vanation may be of 
different relative magmtudes on either side of a cntical temperature 
{cj Crozier and Stier, 1926-27, Stier, 1932-33) Even were the some- 
times disturbing effects of the sensitivity (as contrasted with the 
accurac} ) of the manometnc method completely avoided, w^e cannot 
be certain that all the cells m a given culture wall respond in the same 
manner to transitions from one temperature to another For such 
reasons relatn ely considerable variation must be expected in the ap- 
parent \ alue of fj. computed from determinations at only two tempera- 
tures {cf also Lineweaver, Burk, and Homer, 1931-32) It is there- 
fore necessar}’’ to combine the several senes of determinations, to 
obtain the most probable value of the temperature charactenstic 

All the data for the fourteen senes of experiments were brought 
together by shifting the hnes in Figs 2 and 3 to a common level at 15°C 
by proper factors, giving the mass plot of Fig 4 The points show a 
considerable degree of scatter, greater at higher temperatures A line 
IS drawn through the points indicating the general trend of the change 
of the rates wath temperature The slope of that line gives the value 
ju = 19,000 cal The points are relatuely quite scattered, more so 
at the higher temperatures, this max be due, in part, to special effects 
at the higher temperatures, or to a real difference in the latitude of 
xanation abo\e a cntical temperature at 20° ± The points do not 
fall wathin parallel hnes as thex do in manx other instances {cf 
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Crozier et at *) , this indicates that technical errors enter in this case to 
a relatively large extent 

The highest individual value of /i is roughlv 21,000, based, however, 
on two points only (Fig 2), the lowest, 14,300, shown in Fig 3, can- 



|/T'eb, X \(f 


Fig 4 All the senes of eipenments presented m Figs 2 and 3 are brought 
together b> shifting the lines to a common level at 15® The coordinates are the 
same as those used m Figs 2 and 3 The points scatter about a best fitting fine 
giving a p of 19 000 cal (The probable change of slope above 15® is discussed m 
the text) 

not be so easily discarded All other values he mthin the range 
15,800 to 19,000, on the basis of the individual senes (Fig 3) The 
apparent individual slopes (Figs 2, 3) tnay be disturbed by the oc 

^ Crozier elal Gen Physiol 1924 to date 
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currence of a break, more pronounced in some sets than in others, at 
about 20° Further investigation at higher temperatures would be 
necessary to clear up this matter defimtely The true value of the 
temperature characteristic may not be far removed from that given 
by the hne fitted in Fig 4 If we arbitrarily weight each senes ac- 
cording to the number of vessels and to the spacing of the temperature, 
multiply each by its rating and divide the sum of the figures thus ob- 
tained by the sum of the ratings we obtam [x — 17,900 This pro- 
cedure IS not stnctly correct as a method of averaging, but it 'is useful 
as a check We believe that the scatter of computed values of is 
due entirely to random experimental errors m the method of measure- 
ment 

If we accept the evidence of the mass plot in Fig 4, there is clear 
suggestion of a cntical temperature at 15°, with change of }i, the 
slope for the high temperature portion is approximately ii = 12 , 000 -{- 
The best fitting line in the lower temperature range (where the scat- 
ter IS less) gives fi — 19,000 — agreeing with the values found by 
Stier (1932-33) for O 5 utilization by yeast (3-15°), and by Lineweaver, 
Burk, and Homer (1931-32) for O 2 utilization by Azoiohacter Stier 
found two cntical temperatures, one of which for the strain used 
comes at 15 7 ±0 27° and another comes at 29° The values of fj. 
are 19,530 cal below 15 7°, 12,440 cal from that temperature to 
29°, and 8,290 cal above 29° The points are scattered within 
parallel bands the width of which is greater at higher temperature 
ranges It is of interest that for the same process m two different 
unicellular orgamsms the values of jjl, and possibly the occurrence of 
a cntical temperature should be so similar If our experiments were 
earned to higher temperatures it rmght be that more definite breaks 
vould also be found for Chhrclla (For a companson of vanous 
values of ju reference is made to^Stier’s paper, 1932-33 ) 

v 

Emerson found in Chhrclla an increase to about four times the rate 
of respiration when dextrose was added to the medium French, 
Kohn, and Tang (1934) find a nse to about twee at 18 5° and only 
1 3 times at 3 5° The question anses as to v hat part the respiration 
in absence of added dextrose plays in the 0 ; consumption measured in 
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glucose solution, and as to the correction -which perhaps should be 
made so that the glucose oxidation may be analyzed alone The 
respiration m absence of added dextrose we may term normal The 
three possibilities are (1) that all the O 2 enzyme complex is used by 
the glucose as fast as it is formed, cutting out completely the “normal” 
process, (2) that the normal process goes on as usual while the glucose 
oxidation proceeds independently, utilizmg another source of 0 , and 
(3) that both the normal and glucose processes compete for the same 
source of active Oj in such a way that the normal rate is decreased 

French, Kohn, and Tang (1934-35) have found that the normal 
respiration, if studied after removal to darkness for short penods cor- 
respondmg to the times used m these experiments -with added dextrose, 
gives a p plot that has to be fitted with a curve or -with two straight 
hues having quite different slopes -with a critical temperature at about 
11 5°, the temperature characteristics are respectively p = 3,800 and 
p = 16,000 above and below this cntical temperature, the further 
analysis of this situation is considered m the succeedmg paper, where 
it appears that the temperature characteristic for photosynthetically 
stored glucose alone is 19,500 (0 6-11 5°) and 3,500 (11 5-28°) If 
this normal process went on sunultaneously with the glucose oxida 
tion we should not expect a single straight Ime to fit the observations 
over this range We then conclude that the p value here found, 
19,000, refers only to the oxidation of the added glucose by the cells 
and is not in part dependent on the “normal” metabohsm e-vident m 
the absence of glucose from the medium 

SUMMARY 

The temperature charactenstic for the rate of Oa consumption by 
Chlorella Pyremndosa suspended m Knop solution contaimng 1 per 
cent glucose was studied between 1° and 27°C with the Warburg 
tedmic The value of p was found to be about 19,000 ±1,000 cal 
There is some mdicaPon of a cntical temperature at 20°C , -with shift 
to a lower p above this temperature The effect of sudden changes in 
temperature on the rate of respiration and the vanation of the latter 
with tune at constant temperatures are discussed It is concluded 
that the "normal” respiration (in absence of external glucose) does 
not appear in the determmation of this temperature charactenstic 
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CONDUCTION IN NERVE FIBRES 

Bv H A BLAIR 

{Front the Department of Physiology, The School of iledtctne and Dentistry of The 
University of Rochester, Rochester, N Y) 

(Acx:epted for publication, April 17, 1931) 

It IS to be expected on general grounds that the conduction process 
and the excitation process in nerve will have common factors This 
expectation has led to the assumption (1) that the nerve impulse may 
be propagated by means of the action potential which is thus required 
to stimulate succeeding inactive sections of the nerve in a manner 
quite analogous to that in which a potential applied to the outside 
excites a restmg nerve at a certain region Following this assumption 
one should be able to denve equations representmg the conduction 
process from those which have already been established for the process 
of electncal excitation and thereby determine the common factors of 
the two processes The vahditv of the original assumptions as well 
as that of the electrical excitation equations used in carrymg through 
the analysis will be tested by data concermng both the \ elocity of the 
impulse and the electncal exatation of the same preparation at the 
same tune 

Equations of conduction have been denved by Rashevsky (2-4) on 
the above assumption using several types of exatation equations 
Data on both the veloaties of the impulses and time mtensity curves 
of the same preparation at the same tune have been given by E A 
Blair and Erlanger (5) The present purpose is to discuss the con 
sistency of these two developments 

Rashevsky (2) first used the exatation equations of Hoorweg (6) and 
Lapicque (7), but neither of these gave a constant veloaty of con- 
duction As this seems to be required (8) they will not be considered 
Those of H A Blair (9) do, however, predict a constant veloaty (3) 
Blair’s fundamental assumption is that the local exatatory process 
p grows according to the following equation 

^-KV -kp (0 

at 
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where K and k are constants, and V is the stimulating volta 
(3) leads to the following expression for the veloaty, v, of the 

(7 - R) k 
^ Ra 

where I and R respectively, are the action current and the Imu 
of the action current necessary for excitation, k is as that of 
1 and a is gi\ en bj', 

, 2(7 — l)p 

Ct = z 

yhpT 

where 1 is the ratio of the resistance of umt length of the cc 
ncn'c fibre to that of umt length of the outside sheath, p and 
specific resistiMties of the core and the intermediate sheatl 
tn ely 5 the thickness of this sheath, and r the radius of the cc 
E A Blair and Erlanger (5) obtained voltage-capaaty c 
se^ oral fibres m the same trunk in several preparations as wi 
\cIoaty of the impulse in each These data are given m ' 
II, and III In Table I are the data for the voltage-capaat 
of two preparations, two sets from each using different co 
distances The fibres are numbered starting with the fas 
the columns gi\ e the voltages and capacities reqmred to ex 
in turn The two rheobases are the initial and the final resp 
In Table II are the similar data for a single set on a third prej 
In Table III are tabulated the velocities m the fibres agai: 
numbers as in Tables I and II The resistance of the condensi 
was in each case 26,000 ohms 
According to integrals (9) of Equation 1 the voltage-capac 
should conform to the equation, 

R 

where I* is the stimulating voltage, R the rheobase, c the caj 
the condenser r the resistance of the arcuit, and k as in Eqi 
Taking logs of both sides and arranging, 
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TABLE I 


1st Derve long (125 mm ) conduction disUace temperature 21 2 C 


Fibre Ko 

B 



5 


6 


8 

C 

n 

V 

V 

( 

C 

V 

V 

V 

00 

0 197 

0 302 

0 55 

0 815 

00 

1 315 

1 51 

1 844 

00 

0 215 

0 303 


0 835 

1 09 



3 11 

1 

0 215 

0 347 

0 649 

0 9815 

1 

1 97 

2 165 

3 225 

0 7 




1 024 

0 9 



3 477 

0 5 

0 228 

0 374 

0 7 

1 064 

0 8 


2 332 

3 448 

0 3 




1 146 

0 7 



3 842 

0 25 

0 24 

0 412 

0 791 


0 6 


2 65 

3 977 

0 1 

0 2747 

0 46 

0 919 

1 441 

0 5 


3 065 

4 322 

0 075 




1 546 

0 4 


3 417 

4 724 

0 05 

0 318 

0 S06 

1 035 

1 667 

0 3 

3 35 

4 287 

5 76 

0 03 

0 384 

0 589 

1 204 

1 901 

0 2 


5 415 

7 694 

0 02 

0 453 

0 696 

1 403 

2 181 

0 1 

6 374 

12 134 


0 01 

0 656 

1 046 

1 88 

3 141 

0 014 

12 134 



0 007 

0 830 

1 198 

2 299 






0 005 

0 021 

1 564 

2 699 

5 062 






lit nerve iIiQtt (86 mm.) conduction dlsUnce tempetetnre 21 2 C 


Fibre No 

1 

* 


4 





HBI 

V 

r 

V 

V 

C 

V 

r 

V 


0 318 

0 412 


1 371 

CO 

2 228 

2 736 

3 488 


0 31 

0 444 

0 876 

1 307 

eo 


2 7 



0 353 

EESl 

BB 

1 901 

3 0 


3 57 


0 5 

0 368 

EEl 

1 112 

2 186 

1 0 

3 499 

5 S3 

5 78 

0 25 

0 403 

0 554 

1 207 

2 288 

0 9 

3 622 

5 67 

5 956 

0 1 

0 476 

0 649 

1 415 

2 675 

0 8 

3 87 

5 916 

6 067 

0 08 




2 739 

0 7 


6 412 

6 68 

0 05 

0 542 

0 741 

1 576 

2 915 

0 6 


6 63 

7 136 

0 03 

0 637 

0 848 

1 79 

3 865 

0 5 

4 562 

7 22 

8 073 

0 02 

0 754 

1 012 

2 078 


0 4 

5 023 


9 392 

0 01 

1 050 

1 373 

2 765 

4 741 

0 34 




0 007 

1 162 

1 694 

3 34 

6 067 

0 3 


9 0 


0 005 

1 469 

2 064 

4 245 

8 026 

0 2 

7 382 








0 1 

11 29 

11 382 







0 07 


12 134 



Resistance 26,000 ohms 
C, capaaty in microfarads, V, volts 
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TABLE 1— Concluded 


2nd nerve short (63 mm ) conduction di<tance temperature, 22"C 


Hbre Vo 

1 

2 

s 

pm 

■■1 

s 

c 

J 

I 

r 


mm 

r 


0 161 

0 17S 

0 237 

0 33 

CO 

1 133 

CT 

0 1S9 

0 ISS 

0 235 

0 331 

CO 

1 154 

1 0 

0 169 

0 2 

0 261 

0 361 

CO 

I 137 

0 5 

0 IS 

0 213 

0 265 

0 377 

1 0 

1 571 

0 1 

0 238 

0 26S 

0 338 

0 473 

0 7 

1 687 

0 OS 

0 25 

0 275 


0 499 

0 5 

1 817 

0 07 



0 355 


0 3 

2 040 

0 06 

0 276 

0 301 


0 554 

0 2 

2 112 

0 05 



0 393 


0 I 

2 737 

0 W 

0 326 

0 35 


0 591 

0 OS 

2 826 

0 03 



0 478 


0 05 

3 266 

0 02 

0 456 

0 472 


0 66 

0 02 

4 613 

0 01 

0 69S 

0 6S7 

0 736 

1 112 

0 004 

10 004 

0 OOS 

0 824 

0 805 

0 962 




0 007 




1 383 



0 005 

1 15 

1 127 

1 43 




0 002 

2 622 

2 591 

2 995 

3 85 




2nd nerve Ions (101 mm ) conduction distance, temperature, 22'C 


fib e No 

1 

2 

3 


i 

J 

C 

J 

I 

K 

C 

V 

V 

cr- 

0 069 

0 OS05 

0 126 

00 

0 261 

0 41 

cr 

0 072 

0 0S05 

0 132 

00 

0 261 

0 403 

1 0 

0 079 

0 05S2 

0 135 

1 0 

0 2967 

0 468 

0 5 

0 0S05 

0 0912 

0 1365 

0 5 

0 3083 

0 58 

0 1 

0 105 

0 1165 

0 1642 

0 1 

0 359 

0 723 

0 05 

0 1242 

0 1365 

0 1885 

0 OS 


0 729 

0 04 

0 155 

0 1504 

0 201 

0 06 


0 787 

0 05 

0 155 

0 1665 

0 2192 

0 05 

0 397 

0 8125 

0 02 

0 1805 

0 197 

0 2585 

0 01 

0 412 

0 847 

0 01 

0 276 

0 287 

0 366 

0 03 

0 447 

0 915 

0 OOS 



0 439 

0 02 

0 509 


0 005 I 

0 442 

! 0 455 

0 582 

0 01 

0 7 

1 396 

0 002 1 

i 0 935 

0 993 

1 293 

0 OOS 

0 791 

1 571 

1 




0 005 

I 069 

2 136 

1 

1 

1 



0 002 

2 334 

4 6S2 
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TABLE n 


3rdB«nre 


Fibre No 

1 

k - 3250 
p - 2570 

2 

k - 2650 
e - 3360 

3 

i -3100 

V - 1750 

k - 

T — 

i 

3100 

1750 

C 

7obs 

Veal 

1 obs 

Kail 

Vob!. 

Veal 

Vobi 

Kc»L 

00 



0 132 

0 132 

0 215 

0 215 

III 

0 310 

00 

0 11 


0 135 



0 215 

KEil 


1 0 


0 117 

0 148 

0 140 

0 235 

0 222 

0 332 

0 318 

0 5 

0 1186 

0 123 

0 153 

0 147 

0 241 

0 236 

0 356 

0 34 

0 1 

0 154 

0 157 

0 19 

0 183 

0 284 

0 289 

0 442 

0 415 

0 05 

0 186 

0 191 

0 221 

0 219 

0 323 

0 342 

0 493 

0 52 

0 025 

0 246 

0 247 

0 288 

0 279 

0 532 

0 429 

0 601 

0 617 

0 01 

0 392 

0 397 

0 448 

0 436 

0 612 

0 653 

0 902 

0 94 

0 008 

0 458 

0 455 

0 49 

0 501 

0 697 

0 740 

1 027 

1 06 

0 006 

0 576 

0 547 

0 591 

0 595 

0 865 

0 880 

1 25 

1 27 

0 004 

0 716 

0 727 

0 749 

0 782 

1 103 

1 14 

1 614 

1 65 

0 002 

1 377 


1 52 

1 32 

2 06 

1 89 

2 97 

2 73 


2 23 

2 22 


2 34 

3 4 

3 34 

5 14 

4 81 





7 






k m 

1900 



235 





t • 

621 


» «■ 

201 




C 



wm 

Kobt 

Yai. 

00 

0 928 

0 928 

oo 

1 86 

1 86 




00 

0 909 


eo 

1 52 





1 0 

1 027 

1 03 

1 0 

2 063 

1 93 




0 5 

1 1 

1 04 

0 7 

2 73 

2 40 




0 1 

1 41 

1 40 

0 5 

3 167 

3 25 




0 05 

1 58 

1 72 

0 3 

3 94 

3 91 




0 025 

1 91 

2 28 

0 2 

4 86 

4 68 




0 01 

2 71 

3 70 

0 1 

7 93 

6 78 




0 008 

3 065 

4 30 

0 075 

8 34 

7 45 




0 006 

3 75 

5 22 







0 004 

4 81 

7 00 







0 002 

12 0 

12 05 









Resistance 26,000 ohms 

C, capaat\ m microfarads, V vbs , the observed strength of the stimulus m 
volts, V cal , the voltage calculated from Equation 4 r the velocity m ccnti 
meters per second, k as id Equation 4 
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TABLE m 



Fib-e 

No 

V 

R' 

k 

k/R' 

log k/R' 

log» 

\ 

1st nerve long 

1 

2,160 

0 

206 

2,520 

12,200 

4 086 

3 335 


2 

1,740 

0 

302 

2,600 

8,609 

3 935 

3 241 


3 

1,160 

0 

55 

2,450 

4,454 

3 649 

3 065 


5 

567 

0 

825 

1,560 

1,891 

3 276 

3 754 


6 

199 

1 

315 

220 

167 

2 223 

2 299 


7 

130 

1 

51 

128 

84 7 

1 928 

2 114 


8 

65 8 

1 

1 

844 

97 

52 6 

1 721 

1 818 

Istncrveshort 

1 

1,686 

0 

315 i 

2,600 

8,220 

3 915 

3 227 


2 

1,560 

0 

428 

2,450 

5,720 

3 757 

3 193 


3 

1,090 

0 

855 

2,410 

2,825 

3 451 

3 037 


4 

574 

1 

339 

1,900 

1,421 

3 153 

2 759 


6 

210 

2 

152 

152 

70 2 

1 846 

2 322 


7 

79 

2 

728 

215 

78 8 

1 896 j 

1 898 


8 

45 5 

3 

488 

150 

43 0 

1 634 i 

1 659 

2nd nerve 

1 

1,570 

[ 

0 

161 

1,620 

10,030 

4 001 

3 196 

short 

2 

1,430 

0 

184 

1,955 

10,630 

4 027 

3 155 


3 

1,370 

0 

236 

2,170 

9,170 

3 962 

3 137 


4 

1,015 

0 

330 

2,215 

6,710 

3 827 

3 006 


5 

332 

1 

140 

585 

513 

1 2 710 

2 521 

2nd nerve 

1 

1,740 

0 

070 

1,930 

27,570 

4 440 

3 241 

long 

1 2 

1 740 

0 

0805 

2,270 

28,200 

4 450 

3 241 


3 

1 1,330 

0 

129 

3,650 

28,300 

4 452 

3 124 


4 

927 

0 

261 

3,300 

12,650 

4 102 

2 967 


5 

423 

t 

0 

409 

1,790 

4,380 

3 641 

2 626 

3rd nerve 

1 

2,570 

0 

109 

2,250 

20,600 

4 314 

3 410 


2 

: 2,360 

0 

133 

2,650 

19,900 

4 299 

3 373 


3 

1,750 

0 

215 

3,100 

14,400 

4 158 

3 243 


4 

1 1,750 

0 

305 

3,100 

10,150 

4 006 

3 243 


6 

1 621 

0 

920 

1,900 

2,070 

3 316 

2 793 



1 201 

1 

86 

225 

121 

2 0S3 

2 303 


the %elocit\ m centimeters per second, R', the observed rheobase voltage, k 
ns in Equation 4 


A means oi obtaining the /■ of each fibre is thus provided This is 

V 

com cnientlv done b> plotting cr log - as ordinates against log cr + 
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Fig 1 The data of the fastest fibre. No 1, of the first nerve long plotted accord 
mg to Equation 5 



Fig 2 The data of the slowest fibre No 8 of the first nerve long plotted 
according to Equation 5 

V 

log •- as abscissae m each case The slope of the resulting straight 

R 

line gives 1/k and its intercept on the axis of abscissae gives log 1/k 
It IS found that the data of Erlanger and E A Blair conform quite 
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well to this relation Illustrative examples are given by plotting m 
Figs 1 and 2 m this fashion the data of the fibres with the greatest 
and the least veloaty respectively of the first set of data in Table I 
Also the ivhole of the data of the third preparation are given in Table 
n with measured and calculated voltages, the latter having been 
obtained by assuming the capacities, resistances, and rheobases to be 
correct as given and by taking the k values denved from such repre- 



Fic 3 The i of each fibre against Its \elocjt\ for the first nerve Long prepa- 
ration, circles, short, dots 

scntations as Figs 1 and 2 It will be seen that the agreement of the 
data ^.lth Equation -t is ^c^\ good throughout except for Fibre 6 
In the who’e set there were a fev cases such as this in which the 
\ o’ ‘ qc -c" p~ ciU cun. e seemed to be mixed somew hat , i c , it seemed to 
cowt' 0 .ond 'n xenous parts to more than one fibre Apart from these 
fc cases ho vex er, the u«e of Equation 4 as a entenon shows that the 
xo’^agc-crpacit; cune> o’ the ‘separate fibres in a trunk can be ob- 
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tamed, by E A Blair and Erlanger at least, with about the same 
clearness and preasion as is obtainable on the most exatable group 
of fibres m a trunk m the ordinary nerve muscle preparation 



Fig 4 TheF of each fibre against its \cIoaty for the second and third nenea 
Second short, circles, second long, large dots, third, small dots 

In Figs 3 and 4 are plotted the resulting h values against the t eloa 
ties of the impulses, the first figure being for both experiments on the 
first nerve and the second for the second and third nerves The curves 
show that the veloaty is not a hnear function of the exatability as 
has been suggested previously (7) A given exatabihty may in fact 
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ha\e two corresponding veloaties The smoothness and the regu- 
lanty of the curves do mdicate, houever that the veloaty is a func- 
tion of k The nature of this function will be discussed later 
The values of h and r ma)* now be related to Equation 2 This 
equation presents at once the difficulty that it involves the quantities 
I R, and a which have not been measured The quantity a since it is 
a function of the radius alone in fibres of similar structure and con- 
stituents, is perhaps measurable with fair accurac}* on isolated fibres 
but in general it will probabh* be impossible to obtain its value with 
the present tv-pe of cvpenment so that it must be dealt with mdirectly 
The quantit}* (7 — R)/R can perhaps be measured directly through the 
follovnng arcumstance At the moment an external stimulus becomes 
adequate the action current commences to flow at the exated region 
and the unexcited region immediately adjoimng is subject to the 
maximum value of this current, r c , it is subject to a constant current 
and It should be excited according to the integral of Equation 1 for 
direct current (9), 


That IS the impulse will not start to travel down the nerv’e until after 
an interval /• following the moment at which the external stimulus 
becomes adequate This lag has been in fact observed (10, 5) but 
not HiCasured in the present instance for each velocity E A Blair 
and Erlanger (5, p ,^30) give as extreme values /i — 0 25 cr approxi- 
m'’tclv for the high vclocitv fibres and 2 4 cr for the low From Table I 
the f 0 ! the most irnt'’ffie fibre is probablv about 2500, of the least 
alxiut 100 Tnerefore in the first case using Equation 6, 

0 :5 ^ j ^ / 

ino) ■ - r 
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these values are extremes it is indicated that (I — R)/R is about the 
same for all veloaties but it may increase as the veloaty decreases 
It IS perhaps more hkely on general grounds that the action current ex- 
ceeds the rheobase by an amount approximately constant, t e , that 
I — Ris constant, rather than (/ — R)/R 
If then for the present I-R is taken to be constant. Equation 2 may 
be wntten. 


( 7 ) 


But it IS desirable to express R in terms of the external rheobase, R', 
which IS contamed m the data Since the voltage drop per umt length 
of trunk vanes as R' the current in any particular fibre will vary as 
R’ But the relative currents in different fibres will vary conjointly 
with their quantities a and their conductivities, i e , as o r There 
fore R vanes as a r‘R' and if y and p are constants for all fibres Equa- 
tion 7 becomes 




( 8 ) 


But since or vanes as l/r this may be wntten, 

k 

V e= constant 


(9) 


It IS usually assumed on expenmental grounds that a i anes as r to a 
small power, so that it will be permissible to wnte v = r' or r = a? so 
that from Equation 9 


1 -1. i k 

r — constant — 


(to) 


or taking loganthms. 



log — + constant 


( 11 ) 


In Fig 5 are plotted these loganthms for both of the expenments 
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on the first preparation and in Fig 6 those for the other two prepa- 
rations The numencal equation of Fig 5 as it is drawn is, 


1 59 log » = log — -f 1 22 

1 3 

so that 1 - approximately, or g = 2 The hnes m Fig 6 are 

9 / 



Fig 5 Log /5/i?' with log velocity for the first nerve Long, circles, short, dots 


drawn with the slopes 1 5 exactly corresponding to q — 2 exactly 
It will be seen that the data agree with the Equation 11m rough 
approximation The agreement probably is not as good as can be 
expected from the accuracy of the data but it may not be proper to 
assume / — i? as constant nor proper to assume that all the fibres are 
similarly constituted, nor that the velocity vanes exactly as a power 
of the radius All these things are probably approxunately true, how- 
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ever, so that the agreement obtained can be taken as an indication 
of the vahdity of Rashevsky’s analysis 
The findi n g 5 = 2 above leads to the conclusion that the veloaty 
vanes as the square of the radius The hnes of Figs 5 and 6 , however, 
might equally well have been drawn with slopes 5/3, in which case 
would 1/? = 2/3 so that the veloaty would vary as the radius to the 



Fig 6 Log k/R' with log velocity for the second and third nerves Second 
short circles, second long, large dots, third, small dots 

power 3/2 In either case the conclusion reached here is consistent 
with the conclusion from eiqicnment that the veloaty vanes as a 
small power of the radius (5), and this is in further support of the 
vahdity of the analysis More exact conclusions can be drawn when 
data have been obtained giving (Z — K)/R along with v and k, and 
when It has been better determined how the veloaty and radius are 
related 
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Two other relations are given in Figs 7 to 10 In Figs 7 and 8 
respectively are plotted log v and R' for the first preparation and for 
the other two These data conform qmte well to the relation, 

log t) = — a i?' + log b (12) 

where a and b are constants 



Fig 7 Log velocity with the rheobase for the first nerve Long, circles, short, 
dots 

As a consequence of Equations 11 and 12 must 

^ + log (13) 

where c and d are constants The data of the first preparations are 
plotted for this relation in Fig 9 and those for the second and third 
preparations in Fig 10 
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From Equations 12 and 13 it is possible to wnte the equation for the 
relation oikiov in Figs 2 and 3 which is, 

h 

k — constant log - 
r 

This equation expresses the empirical relation of the veloaty to the 
exatabihty as it appears from the present data 
It will be noted m the data of Table in that with the second nerve 
Gong) there is a smgle veloaty 1740 m two fibres of different k's This 



Fig 8 Log veloat> with the rheobase for the second and third nerves Second 
short, circles, second long, large dots, third, small dots 

IS understandable on reference to Fig 2 because the points he on a very 
steep part of the curve where k changes very rapidly as the velocity 
changes slowly With the third nerve there is a case where both the 
veloaties and the k’s are equal These are represented by the single 
uppermost point of the middle curve of Fig 2 At this region one 
might expect very different veloaties with k’s approximately equal 
This expectation is not realized in the middle curve but in the low er 
curve, second nerve short, are the points k = 2170, = 1370, k = 
2215, V = 1015 These k’s are approximately equal but the veloaties 
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are greatly different These illustrate the point that in certain regions 
greatly different veloaties can obtain with excitabihties of about equal 
values while in other regions velocities approximately equal may exist 
with greatly different excitabilities 



dots 

The empincal relation of Equation 12 is much the simplest of the 
relations of the veloaty to stimulation data It indicates that the 
nght hand part of Equation 2 can be expressed in terms of the rheobase 
alone but it is scarcely worth while to attempt this until data have 
been obtained on the quantity (I — -R)/i2 at least 

In conclusion it appears that the data of E A Blair and Erlanger 
lend support to Rashevsky’s formulation of the idea that the nervous 
impulse is propagated by means of the action current, which excites 
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successive regions according to H A Blair’s excitation equations In 
any case it is established that voltage-capaaty curves conforming to 
the usual cntena are obtainable on the separate fibres of a trunk 
The rheobases and exatabihties as denved from these curves conform 
to comparatively sunple empmcal relations with the veloaty This 



Fig 10 Log k/K against the rheobase for the second and third nerves Second 
short, circles, second long large dots third, small dots 

indicates that the veloaty is a function of the ’same quantities of 
which the voltage capaaty curves are a function Although such 
functional relationships betn een transmission and exatation are pos 
sible if both processes, even though they are quite different, depend 
on the dimensions of the tissue elements, their existence docs not 
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appear to be at all probable unless tbe processes are of tbe same kind 
Therefore, even though the present theoretical views are not substan- 
tiated by further investigation, there is good reason to beheve that 
the basic h 3 'pothesis that the action current is the primary factor m 
transmission is correct 

No mention has been made of the possibihty of the exatmg current 
acting only through the nodes of Ramner (12, 1) Rashevsky (3) 
has analyzed this case also The veloaty under certain conditions 
approximates the value given by Equation 2 but this problem cannot 
be considered further from the present point of view without a knowl- 
edge of the intemodal distances involved in each case 

SUMMARY 

Data b}’- E A -Blair and Erlanger on the voltage-capaaty curves 
and the nerve impulse veloaties of each of several fibres m the same 
nerve trunk are related to Rashevsky’s equation for the veloaty of 
transmission in neix’-e The results lend support to Rashevsky’s 
analj-sis Other empirical relations between the velocity and the 
parameters of the excitation equations mdicate the correctness of 
the h 3 'pothesis that the action current is the pnmar 3 ’- factor in trans- 
mission, which process is earned on by the electneal exatation of 
successive regions of the nerve fibre by means of its action current 
accordmg to the ordinar 3 ' laws of electneal exatation 

BIBLIOGRAPHY 

1 Lilli ft, R, S , Protoplasmic action and ner\*ous action, Chicago, The University 

oi Chicago Pr^s, 1923, J Gai Flys7o] , 1925, 7, 473 

2 Rashei-shi , X , J Gcr. Plysiol , 1931, 14, 517 

3 Rashevst} , X , Physics, 1933, 4, 341 

4, Kashevski', X , Proioplasma, 1933, 20, 42 

5 Blair, E A, and Erlanger, J , -4 m J P/aw/ , 1933, 106, 524 

6 Hoorvreg J L , Arch ges PIasioI , 1892, 62, 399 

7 Lapiegue, L , L exatation en foncUon du temps. Pans, Les Presses Universi- 

taires de France,* 1926 

S Gasser, EL S , and Erlanger J , Am J Physiol , 1927, 80, 522 
9 Blair H. -A J Gm PlAr.ol , 1932, 15, 709, 731, 1932, 16, 165, 177 

10 Bishop, G H.,-4r- J P/ine/ , 1927, 82, 462 

11 Erlanger J , Gasser, H S , and Bishop, G H, Am J Physiol , 1924, 70, 624. 

12 Gerard R. , QmtI Psr Biol , 1931, 6, 59 



Agtnf 0 E BTECHERT * Co New \ofk DAVID NUTT London NICOLA ZANICHELLI Bolesna 
FfiLIX ALCAN Parifl AKADEMISCHE VERLAaSOESELLSCHAFT m b H Leipu* 

RUIZ HERilANOS Madnd F MACHADO & Cb, Porto THE MARUZEN COMPANY Tokyo 


1933 27th Year 

SCIENTIA 


INTERNATIONAL REVIEW OP SCIENTIFIC SYNTHESIS 
Publteled errry montA (mcA nufTtber ecntanwig 100 to ItO pogtt) 

Editor. F BOTTAZZI - G BRUNI - F ENRIQUES 
Qenerel Secretary Peolo Bonettl 


IS T HE OHI/Y REVLEVi^ th« contributor, to which *te really Internationa] 

IS T HE ONLY REVIEW that ha. a realty world wid. circulation 

IS T HE ONLY REVIEW of Klentlfio ayntbeaia and unification that deal, with the fundamental que.* 
tion. of ail Kieoce. mathetnaUc aetrooomy geology phyale. cbemletiy biology payebology ethnology lin> 
gulaticfl hlatory of eeicnce phOoeophy of Kieoce 

IS THE ONLY REVIEW that by mean, of Inquiries among the most eouneDt scientists and author, of 
all countries (on tAe pltfasepAicol pnneipfri of (A« Mnout seisnrss on (As mottfuniamtntoi utfonomte t oni pAys* 
cof svrsiums of current t Ureet on the centnhuhcn that (As i ftrent eountrue lore giren to (As derttojment of tarxoui 
^nekeeofknovltige on tie mere important tnciof*cal que$l one etc etc) rtudie. all tbs main problem. diseusMd 
in InteUertual cmde. all a'ser the world and reprsMoU at tbs nine time the first attempt at an international 
organisation of philoeophlcal and acientifie ptogre^ 

IS THE ONLY REVIEW that among It. contributor, can boast of the moot fliustrioua men of science in 
the whole world 

The articles are pnbliahed In the language of their author, and emy number bu a sugglement ccntilning the French 
tranristioD of all the article, that are net French The reriew I. thn. completelj tccenlble to tboae who know coir 
French (ITnts for a fret copy to the General Secretary of Ectm(io Milan sending It cents tn stamps of pour eoun 
try merely to cover packing and pottage) 


SUBSCRIPTION SIOXO post free 

Scbstantlil reductions are granted to those who take more than one year*, subscrlgtion 
For information apply to SCIENTIA, Via A Dc Togni 12 - MUrdo 116 ^talj) 






THE PREPARATION OF THE GRADED COLLODION MEM- 
BRANES OF ELFORD AND THEIR USE IN THE 
STUDY OF FILTERABLE VIRUSES 

Bv JOHANNES H. BAUER and THOMAS P HUGHES 
{From ihe Laboratories oj the International Health Dmsion of the Rockefeller Fotinda 
tion, New York) 

(Accepted for publication, April 18 1934) 

During the past SO years many attempts have been made to develop 
a method for preparing permeable collodion membranes of graded 
and umform pore size Such membranes ould constitute an exceed 
ingly important apparatus m biological investigation and should be 
especially useful in the study of filterable viruses 

The method of preparation which has been most extensively used is that of 
Bechhold (1-3), consisting of impregnating filter paper with soluUons of mtrocel 
lulose m glaaal acetic aad, the permeability bemg regulated by the concentration 
of nitrocellulose used These membranes have the serious defect of considerable 
vanabihty m the size of pores Elford (4) estimates that the largest pores m such 
a membrane may have a radius ten to twenty Umes greater than the average pore 
radius 

A number of investigators ha\e attempted to devise a method by which the 
use of filter paper could be eliminated and strong membranes of graded and uniform 
porosity be prepared Bigelow (5) Walpole (6), Bartell and Carpenter (7), 
Hitchcock (8), Pierce (9) and others have controlled the permeability of mcm 
branes by varying the time allowed for evaporation of solvents from an ether 
alcohol solution of collodion Eggerth (10) graded the membrane pcrmeabihty 
by varying the alcohol content of the collodion solution Brown (11 12) and 
also Nelson and Morgan (13) treated air-dned collodion membranes with different 
concentrations of alcohol m water and so effected variation in permeability 
Among non vobtile reagents added to ether alcohol solutions of collodion for the 
purpose of altenng membrane permeabihty are ethylene glvcol (Pierce (9)) and 
glycerol (Schoep (14)) Asheshov (15) was the first to utilize volatile reagents, 
adding v’arymg amounts of acetone to increase or amyl alcohol to decrease mem 
brane permeabihty In later work he recommends the use of acetic and formic 
ethers (16) and states that the results obtained by adding amyl alcohol arc 
unreliable 

Elford (4), usmg the same ingredients as Asheshov, found that acetone and 
143 
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amyl alcohol are mutually "antagonistic” in their solvent action on nitrocellulose 
While either one m conjunction with alcohol and ether is an excellent solvent, the 
presence of both, combmed in certain concentrations, results in coagulation of 
nitrocellulose Consequently he prepared a concentrated solution of nitrocellulose 
m ether and alcohol and to this added certain fixed proportions of amyl alcohol 
and acetone When this solution was poured on glass plates and the solvents were 
allowed to evaporate, the amyl alcohol, being the least volatile, increased in relative 
concentration and m the presence of acetone initiated an aggregation of the nitro- 
cellulose, while the residual ether and alcohol maintained a spontaneous gelling 
process The resulting membranes were highly permeable and had considerable 
tensile strength Elford also found that the addition of small amounts of glacial 
acetic acid to the coUodion solution decreased the permeabihty of the membranes, 
while the addition of water increased it Utilizing these findings he devised a 
very satisfactory method by which finely graded membranes can be prepared, 
havmg adequate tensile strength, and rangmg m size from 10 mju to 3 ju lu average 
pore diameter 

A need of membranes suitable for ultrafiltration has been felt in this laboratory 
for some time After a review of the various methods recommended for the prepa- 
ration of graded collodion membranes, Elford’s method appeared to be the most 
practical Consequently it was selected for study 

EXPERIMENTAL 
Preparation of Stock Collodion 

A small supply of Necol, the collodion preparation recommended by Elford, was 
secured from England and was used in early experiments Considerable difficulty 
was encountered at the beginnmg in attempts to prepare membranes similar to 
those he descnbed Although bis techmque was followed as closely as possible, 
it was found impossible to produce membranes of a similar quality on successive 
attempts Occasionally membranes satisfactory in all properties were obtained, 
however, using the same collodion mixture and duplicating the procedure as closely 
as possible, membranes of an entirely different quality would result After some 
experimentation and a study of all the factors involved, we eventually succeeded 
in preparing consistently satisfactory membranes from Necol, and thus confirmed 
Elford’s results 

Necol cannot be purchased in this country, and when our original supply be- 
came exhausted a new lot was ordered from England After considerable delay, 
it was supphed to us from the firm of Du Pont De Nemours, of Parlin, New Jersey, 
to which our order apparently had been referred Their product was labelled 
Collodion X-660-18 and showed the same consistency and appearance as Necol 
Membranes made from it were similar in quality to those made from Necol 

Although membranes made from Necol or Collodion X-660-18 were quite 
satisfactor>’ as far as graded permeability was concerned, their thickness was 
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excessive ranging from. 0 2 mm to 0 3 mm As thinner membranes are desirable 
Collodion X 660 18 was diluted with one half its weight of a solvent consisting 
of 75 per cent anh\ drous ether and 25 per cent absolute alcohol h} weight This 
dilution was made before an\ acetone or amjl alcohol was added The results 
were unsatisfactorN since the membranes obtained were ver> friable and were 
difficult to remove from the plates Also their porosit% could not be regulated b^ 
the addition of glacial acetic acid 

Inasmuch as the ldentlt^ and proportions of the solvents used in commercial 
collodion preparations such as Necol and Collodion 660-18 are unknown to us, 
It seemed advantageous to prepare a slock collodion of known chemical constitu 
tion winch could be diluted if desired without danger of disturbmg the effective 
equihbnum between ingredients After some experimentation a collodion was 
prepared which was found to give consistentlj good results The most convenient 
form of nitrocellulose w’as found m Du Pont s parlodion which is sold in shreds 
immersed m water The solv ent selected consisted of 75 per cent anh\ drous ether 
and 25 per cent absolute alcohol b\ weight The exact composition of the collo 
dioD is as follows 


parlodion shreds 

150 gm 

Absolute alcohol 

250 

Anhy drous ether 

750 

Acetone 

1150 

Am\ 1 alcohol (pnmarv ) 

575 cc 


The parlodion shreds are wnshed six times in distilled water twice in 95 per cent 
alcohol and twice in absolute alcohol The> arc not dried after washing In 
early experiments dned shreds were used The resulting solutions were quite 
turbid and on standing showed a quantitv of preapitate Membranes made 
from these solutions were found to be less permeable than if drjing had been 
omitted 

In our earl> experiments the chemicals used for solvents were subjected to 
additional purification as recommended b> EUord (4) It was later found that 
untreated chemicals of the anil>tica! reagent grade gave equallv satisfactor) 
results consequent!) the additional purification was thereafter omitted 

After the final washing 250 gm (316 cc ) of absolute alcohol freshl) prepared 
by dry mg 95 per cent alcohol over lime and distilling is added to the parlodion and 
the shreds allowed to swell overnight On the followung day 750 gm (1043 cc ) 
of anhydrous ether is added and the mixture shaken it intervals until tlie par 
lodion is completelv dissolved The solution is then diluted with its own weight 
of acetone (1453 cc ) and agitated m a mechanical shaker for 2 Iiours 1 nmary 
amy I alcohol is then added at the rale of 10 cc to each 40 gm of the mixture (575 
cc) and the solution is again shaken for 2 hours Ihis slock solution must bo 
allowed to stand 2 to ^ weeks before use To dale seven different solutions have 
been prepared by this method and all have given uniformly saUsfactor\ results 
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It Will be noticed that acetone and amvl alcohol are used in the same proportion 
as recommended b\ Elford (4) 

Recently we obtained a supph of parlodion manufactured bv the Mallinckrodt 
Chemical Works This is sold in the drv state although the shreds have the same 
appearance as the Du Pont product A solution was prepared using this product 
as the source of nitrocellulose and following the above mentioned procedure, 
with the exception that the washing of the parlodion was omitted The resulting 
collodion w'as water-clear, and the membranes prepared from it w'ere of excellent 
qualit\ 


P)Cpaiatwn of Meinhancs 

The apparatus used in the preparation of membranes is similar to that described 
b} Elford and is illustrated in Fig I For routine purposes the membranes are 
cast in glass cells 40 cm in diameter The cell is made from two pieces of plate 



Fig 1 Cell and stand for preparation of membranes 

glass, each 50 cm square and 7 mm thick A circular hole 40 cm in diameter is 
cut in the center of one plate and the two plates are cemented together with egg 
white 

The levelling table for supporting the cell is made of a piece of plate glass 15 
inches square and 5/8 inch thick This is fastened to a heavy metal triangle 
supported at one corner b\ a solid leg and at the remaining two corners b^ adjust- 
able screw s To insulate the cell from the levelling table and to allow a free air 
circulation between them, four large rubber stoppers are placed at the extreme 
comers of the levelling table and on them the cell rests If the cell lies directh on 
the le\ elling table. Us temperature becomes uneven during the evaporation process, 
owing to retention of heat b\ the metal triangle This in turn results m uneven 
permeabilit\ in the membrane 1 he cell is carefulh levelled b\ aid of the adjust- 
able screws, making obserNations with two sensitive spirit levels placed at right 
angles, thus insuring against unequal distribution of the collodion 

The stock collodion solution is diluted with an equal volume of a diluent con- 
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sisting of one part by weight of absolute alcohol to nine parts b> weight of an 
hydrous ether The diluted solution is measured m 200 cc amounts into a series 
of 6 ounce bottles having screw caps lined with tin foil Membranes prepared 
from this solution will ha\ e an average pore diameter of 0 6 to 0 8p, depending on 
the hunudity and temperature at whi<di the solvents are allowed to evaporate 
If more, or less, permeable membranes are desired water or glacial acetic aad is 
added to the solution The addition of 2 cc. of water to 200 cc. of the diluted 
collodion gave membranes with an average pore size of 1 0 to 1 2p If larger 
quantities of water are added considerable precipitate is formed and the resulting 
membranes have but httle tensile strength When membranes of less than 0 5/i 
average pore size are desired, glacial acetic acid (analytical reagent grade) is 
added m amounts varying from 0 2 to 3 6 cc for each 200 cc. of diluted collodion 
As mdicated above, conditions other than the chemical constitution of the diluent 
have considerable influence on the membrane permeabihty therefore it isimpossi 
ble to establish a fixed scale of the exact quantities of mgredicnts necessary to 
produce a membrane of a given pore size In our experience, 1 cc of glacial acetic 
aad added to 200 cc of the diluted collodion solution, reduced the average pore 
size to 200 rap The addition of 2 cc reduced it to 100 mp, while the addition of 
3 cc. reduced it to 15 mp 

After the addition of the required amount of acetic and or water, the bottles 
are placed m a shaking roachme and agitated for 2 hours The collodion solution 
IS then carefully poured into the center of the levelled cell, where it quickly spreads 
over the entire surface The contents of one bottle (200 cc) is used for each 40 
cm cell The optimum evaporation time was found to be 75 ramutes If this 
time IS prolonged the membranes become less permeable and the surface becomes 
corrugated Shorter penods of time yield rather thick membranes of low tensile 
strength and spong> consistency The temperatures durmg the evaporation 
ranged from 22-24 C , and the relative humidity from 60 to 65 per cent 

The membranes are prepared in a room measuring 12 by 24 feet with a ceilmg 
11 feet high The temperature is regulated bj opemng or closmg the steam radia 
tors The desired humidity is obtamed by running hot water from the faucets 
The doors and wmdows must be kept shut as it was found that air movement over 
the cell durmg the evaporation time resulted in the formation of a membrane one 
part of which was more permeable than the other Durmg the summer months 
when the outdoor temperature exceeded 24 C , no satisfactorj membranes could be 
prepared. To assure a fair degree of reproduabihty m membrane characteristics 
both the temperature and humidity must be kept constant Since the tempera 
ture of the collodion solution falls considerablj below that of the room during the 
ev’aporation process moisture from the air is condensed into the collodion solution 
This absorb^ water mcreases the coagulation of the mtrocellulose, and therefore, 
increased atmospheric huinidit> will result m increased membrane permeabiht> 
Likewise drier air will cause decreased permeabihty 

After the collodion solution has ev aporated for the standard length of time, the 
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cell containing the membrane is submersed in tap water in a tank measurmg 55 by 
55 by 15 cm The membrane separates itself completely from the glass after 5 
to 10 minutes immersion The membranes are then washed for periods of 2 to 3 
weeks in distilled water For this purpose photographic trays measuring 45 by 
50 cm are used Six membranes, separated from each other by large filter papers, 
are placed m each tray The distfiled water is changed daily 

When the washing is completed, discs are cut from the membranes by means of 
a steel punch The portion of the membrane within 3 cm from the edge is dis- 
carded Our standard size disc used for ultrafiltration measures 38 mm in diame- 
ter Consequently one large membrane yields 40 to 45 small discs These are 
stored under water in Atlas E-Z seal fruit jars without the addition of preservative 
The membranes will keep well in distiUed water for a number of months It was 
found, however, that on standmg some membranes shrmk considerably and become 
less permeable, while others remain unchanged for a period of 6 months or longer 
It is therefore advisable to recahbrate membranes which have been stored for a 
month or more before using them for filtration experiments 

Cahbrahon of Membranes 

The average pore sizes of the membranes are calculated by an apph- 
cation of Poisemlle’s law, using data obtained by measurement of the 
thickness of the membrane, the amount of water passing through a 
measured area in a given time and under a known hydrostatic pressure, 
and the volume of pores in the membrane as shown by differences 
between its wet and dry weight This law was derived to express the 
rate of flow through one capillary tube of a umform diameter and was 
first applied to the calculation of pore diameters by Guerout (17), who 
tested the size of the pores in bladder, gold beater’s skin, and parch- 
ment Since then it has been apphed to the determination of the size 
of pores in collodion membranes by Hitchcock (18), Bjerrum and 
Manegold (19), Elford (20), and Cox and Hyde (21), among others 
The legitimacy of its application to this purpose has been investigated 
by Bigelow (5) and by Duclaux and Errera (22) Both investigations 
indicated that the passage of flmds through collodion membranes is 
controlled by the same laws which determine the passage of liquids 
through capillary tubes 

Caknlahon of Average Pore Size 

Poiseuille’s law' govermng the passage of water through a capillary 
tube IS stated as 
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where V is the volume of water passing m the tune t under a pressure 
p, r the radius of the capillary, I the length of the capillary, and n the 
coeffiaent of viscosity of water at the temperature used 
To apply the law of Poisemlle to the measurement of the average 
pore size of membranes, it becomes necessary to assume that the 
membrane represents a bundle of capillanes oriented at right angles 
to the membrane surface and equal in length to the thickness of the 
membrane To compute the number of pores the following calcula- 
tions may he made If I represents a length of the capillaries (eqmva 
lent to the thickness of the membrane), then the volume of each capil 
lary is irrH If IP represents the weight of the membrane when wet, 
and IP represents the weight of the same membrane when dry, the 
differences designated as W must represent the volume of pores 
W 

Consequently y must represent the total cross section area of all the 

ir 

pores, and smce the area is irr , represents the number of capil- 
laries Now if F is the amount of water passed through the membrane 
V 

in the time I, then JI^ will represent the volume of water passed 
irr t 

through one capillary, or the sum of the volumes may be expressed b> 
Poisemlle’s law as given in Equation 1 Transposing this formula to 
solve for r we obtain 


( 2 ) 

or, simplifying, 
(3) 


vpl 



Equation 3 is the one used for determining the average pore size of 
membranes r, the radius of the average pore, and / the thickness of 
the membrane, are expressed in centimeters Since the measurement 
of rate of flow of water is done at room temperature, tj, the coefflaent 
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of Viscosity of water, is taken as 0 00893 V, the volume of water 
passing through the membrane is expressed in cubic centimeters, and 
i, the time required for this passage, is expressed in seconds W, the 
difference between the wet and dry weight, is expressed in grams and 
must be corrected to represent an area of 1 sq cm The value V must 
be similarly corrected the average pressure producing the flow, 
IS expressed in dynes, and since 1 cm water pressure is equivalent to 
980 6 dynes, the value becomes 980 6 X average pressure in centi- 
meters of water The final formula then becomes 


/ 2( 

( Coefficient of viscosity) 
^ of water at 25“ y 

if "" ^ 

AZt (radius of disc)®y 

1 

/ 980 6 (Average pressure in ^ 
\ centimeters of water) } 


Wet weight — dry weight \ 

27r (radius of disc)® } 


Assigmng concrete values, where the rate of flow was measured 
through an area of membrane 1 575 cm in diameter and the difference 
m wet and dry weight was determined for a membrane 3 15 cm in 
diameter, the final formula is 


(5) 



Since the values in the first part of this equation are fixed, they can 
be represented by a constant K, and the working formula simplified 
to 


(6) r = Kl 

K, constant for fixed condition of measurements 
I, thickness in millimeters 

V, volume of water passed through membrane in cubic centimeters 
ir, difference in weight in grams 
p, a\ eragc h> drostatic pressure in centimeters of water 
i, time in seconds 



Logarithms are most conveniently used m all computations 
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tic 3 Instrument used for determining the rale of flou of water sho^vlng 
details 
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Delarmnahon of Average Pore Stze 

'Jo obtain the data for calculations, three determinations must be 
made on each membrane, the thickness, the rate of flow of water, and 
the difference between wet and dry weights 

The thickness is measured by use of a micrometer caliper, such as 
IS used industrially in determining the thickness of paper It is 
graduated to 0 01 mm 'J he average of fifteen to twenty measure- 
ments IS used in calculations 

The apparatus used for determining the rate of flow is indicated in 
Fig 2 The glass tube is a Folin microburette as used in blood sugar 
determinations, with a capacity of 5 cc , graduated to 0 02 cc but 
readable to 0 01 cc The glass stop-cock is cut off and a right angle 
tube fused on in its place, this tube being of such a length that the 
distance from the 0 00 graduation to the center of the bend is 100 
cm The details of the apparatus designed to hold the membrane are 
shown in Fig 3 'I he diameter of the orifice through which the water 
passes IS 15 75 mm , consequently this becomes the diameter of the 
membrane disc tested and is a value used in computation 'J'o deter- 
mine the rate of flow, the membrane to be tested is cut to the appro- 
priate size with a steel punch and placed in the depression in A 
I he rubber washer, also with a hole 15 75 cm m diameter, is placed 
above it The flange B is then placed over it with the locking device 
D fitted together so as to insure against damage to the membrane by 
rotation of B I'hc collar C is then tightened and the rubber stopper 
on the burette secured in place This last operation is done with the 
holder submerged m water to prevent the formation of air bubbles 
'fhe burette is then filled about 1 cm above the zero mark with water 
and the level is allowed to fall to 0 00 When that point is reached, a 
stop-cock IS started After an appropnate time the volume of water 
passed is noted I'or membranes between 40 and 200 mix, this time 
is usually 10 minutes Membranes with a pore diameter of less than 
10 mg may require as long as 18 hours before the passage of sufficient 
water to give an accurate reading I he average pressure producing 
the flow is determined by measuring the distance from the zero mark 
on the burette to the point where the reading was made Since the 
zero mark represents a pressure of 100 cm , the average pressure be- 
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comes (100 minus half the distance of fall) A volume/pressure curve 
can profitabl) be constructed bj which average pressures can be read 
directlj as a linear function of volume Tor determining the rate of 
flow through membranes with an average pore diameter of more than 
200 m/i, a SO cc burette is used in the same manner 
The water content of the membrane (equivalent to the pore volume) 
is determined by weighing the same membrane in the wet and dry 
states Discs 3 IS cm in diameter arc blotted with absorbent paper 
to remove surface water and arc rapidly weighed in small, covered, 
Petn dishes using an analy tical balance They are then dned for 4S 
hours over sulfuric acid in a vacuum desiccator, and rcweighed 
Since stenlc membranes are required for work with viruses and 
since a slight contraction of the membnne takes plate during stenhza- 
tion, all the measurements given above are made on membranes 
which have been stenhzed bv steaming for 1 hour in an autoclave at 0 
pressure 

Detcnmmhon of Maximum Pore Size 
There is no satisfactory method available by which the size of the 
largest pores in a membrane can be estimated Dlford (4) recom 
mends a method based on the application of Cantor s formula 

2tr 
r — 

where r is the pore radius, a the surfact tension air/water, and p the 
pressure required to force air through the wet membrane, as indicated 
by the escape of air bubbles from a submersed membrane under a 
measured air pressure In our cxpcnence, this method was found 
applicable only to v erv permeable membranes and ev cn then readings 
could be obtained accurate only to a pressure of about S pounds per 
sq in To force air through a water filled capillary SO mji in diameter 
several hundred pounds pressure per square inch is required, which is 
much in excess of the strength of anv membrane To reduce this 
pressure Bechhold, Schlesinger, and bilbcreisen (23) _substitutc iso 
butyl alcohol and water muvturc for the air water-system The 
system (isobutvl alcohol saturated with water, water saturated with 
isobutyl alcohol) has a surface tension of I 83 dynes per sq cm , as 
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contrasted with 73 dynes for the air/water system, and consequently 
correspondingly lower pressures can be used However, it was found 
that collodion membranes exposed to isobutyl alcohol became swollen 
and softened and consequently the method could not be apphed 

The Vse of Membranes tn UUrafiUrahon 
The filters used are similar to those described by Elford (20) and are 
illustrated in Fig 4 The body of the filter and the collar are made 
of brass and are chromium plated The perforated plate, intended 
to support the membrane, is made of monel metal or stainless steel 
A rubber washer with a hole 27 mm in diameter is prepared from a 
speaal rubber sheetmg, 1 5 mm thick, manufactured for use as gaskets 
in hot water hnes Ordinary laboratory rubber sheeting is unsatis 
factory, since it does not stand autoclavmg Discs of hard filter paper 
(Schleicher and Schtdl No 575) cut to the same size as the membrane 
discs (38 mm diameter) are also reqmred All parts of the filter 
except the membrane itself are sterilized by autoclaving, the mem 
brane is sterilized by steaming for 1 hour 
In practice the procedure is as follows The metal plate B is placed 
in the portion of the filter designated as A On this is placed the disc 
of hard filter paper, which protects the membrane and prevents it 
from stretching, and also permits filtration throughout the whole area 
of the membrane Without the paper, filtration wall take place only 
m the areas directly over the perforations in the plate The mem 
brane is placed directly over the paper and on this is placed the rubber 
washer previously desenbed The barrel of the filter, D, is now put 
in place, with the projection B fitting into a corresponding seat m the 
stem portion, thus preventing rotation The collar, C, is tightened 
with a wrench, during which process the stem portion, j4,issecuredina 
vise The material to be filtered is introduced through the stem, T , 
which IS threaded to take the tapered compression fitting, G 

Filtrations are earned out under positive pressure, using an arrange 
ment shown in Fig 5 The manifold has twelve outlets, each provided 
wath a pet cock, a length of high pressure rubber tubing, and the 
compression coupling shown under C in Fig 4 The mamfold is 
connected to a mtrogen tank through a reduang valve, with a mercury 
manometer between the reduang valve and manifold For pressures 
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up to 100 cm of mercury, the manometer is used When higher 
pressures are required, the valve connecting the manometer is closed 
and the pressure read directly from the reducing valve gauge 

With this arrangement the material to be filtered can be passed 
through a senes of membranes of varying average pore diameters 
under umform conditions of pressure 

Properhes of Membranes as Shown by UUrafiltrahon Experiments 

Although there is no satisfactory method by which the sizes of the 
largest and smallest pores in a membrane can be determined, the 
sharp, clear-cut end-points observed in our filtration experiments sug- 
gest that the pores in any membrane are remarkably umform in size 

Inasmuch as these membranes are intended pnmarily for the study 
of filterable viruses, the virus of yellow fever was employed m an 
investigation of their filtration properties As shown by Bauer and 
Mahaffy (24) and by Dinger (25) this virus becomes progressively 
inactive when suspended in a protein-free medium, such as distilled 
water or sahne solution It therefore becomes necessary to utilize 
diluents contaimng a considerable amount of protein, and conse- 
quently havmg a relatively high viscosity Filtration of such solu- 
tions through collodion membranes affords an excellent opportunity 
to study adsorption phenomena and other factors involved m the 
filtration of viruses 

The virus-contaimng matenal used consisted with a few exceptions 
of animal tissue ground in a mortar and suspended in a diluent which 
had been previously tested and found to sustain activity for an ade- 
quate length of time This suspension is centrifuged at high speed 
for 30 minutes and the supernatant decanted off and passed through a 
Seitz filter When passage through membranes with an average 
pore diameter of less than 75 m^ is reqmred, the Seitz filtrate is not 
smtable for use, since it contains particles large enough to dog the 
membrane pores Consequently it is necessary to pass this filtrate 
through a collodion membrane with an average pore diameter of about 
250 m/i before passing it through the less permeable membranes It 
was found that a prehimnary passage of hormone broth through the 
Seitz filter pad greatly reduced the adsorption of virus Attempts to 
utilize the sand and paper pulp filter descnbed by Barnard and Elford 
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(29) for prelumnary filtration were unsuccessful, since the filter 
invariably became clogged after the passage of a few cubic centimeters 
of virus containing suspensions 

As emphasized by Elford (26), the adsorption capaaty of the 
membrane for proteins is greatest near the isoelectric range of the 
protein and is diminished as the reaction becomes more alkahne 
Since most viruses are undamaged in pH ranges from 7 0 to 9 0, this 
range is most useful for filtration The adsorption of protein from the 
virus containing material can be to a large extent elumnated by pass- 
ing a small amount of alkahne (pH 8 0) hormone broth through the 
membrane prior to the filtration That the passage of broth facilitates 
filtration was first demonstrated by Ward and Tang (27), and its use 
in ultrafiltration is strongly recommended by Elford (26) We have 
observed, however, that a prehnunaty passage of broth through 
membranes alters the filtration endpomt A senes of tests were 
made m which broth was mcorporated into a diluent for the yellow 
fever virus together with some protem such as serum As will be 
shown in another commumcation, when the preliminary passage 
broth was onutted the end point for the virus was mvanably found to 
be 55 mju, a figure in agreement with the results of Eindlay and Broom 
(28) When the virus was suspended in a medium exactly similar, 
but passed through membranes which had previously been treated 
with broth, the end point was reduced to 50 m/i 

To secure information as to the umformity of pore size in a given 
membrane and also the range of particle size of the virus, titrations 
of the virus content were made with a senes of membrane filtrates as 
indicated below Infected brains were ground up in a mortar, sus 
pended in a suitable diluent, and passed first through a Seitz filter 
and then through a membrane with an average pore size of 250 m/i 
Such filtrates are usually infective when 0 02 cc is inoculated intra- 
cerebrally into mice in a dilution of 1 100,000 It uas found that 
filtrates passing membranes with average pore diameters of 70, 66, 
and 60 mji were infective m a dilution of 1 10,000, while 55 mji fiJ 
trates were infective in a dilution of 1 1000 and a 50 m/i filtrate 
infective in a dilution of 1 100 Filtrates passing membranes with 
average pore diameters of 45 and 40 mji contained no demonstrable 
virus These results indicate that there is a remarkable uniformity 
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both m the size of the virus-containing particles and in the pore 
diameters 

It was observed that adsorption of protem by the membranes was 
greater when the diluent contained 5 to 10 per cent serum than if it 
contained 25 to 50 per cent ascitic flmd Three samples of ascitic 
flmd were tested for protem content and were found to vary from 
0 6 to 5 0 per cent In a majority of the filtration experiments the 
protein content of the stock filtrate was determmed and was com- 
pared with that of the membrane filtrates Where the protem con- 
tent of the filtrates was greatly reduced the acidity was frequently 
excessive, due to loss of buffenng matenal The use of Esbach tubes 
and Tsuchiya’s reagent was found most convement for these estima- 
tions When virus suspensions were filtered through membranes 
having an average pore diameter of less than 75 m/t, some loss of 
protem always resulted even though broth had previously been passed 
through the membrane Membranes made from the identical stock 
collodion solution under identical conditions may differ markedly m 
their adsorptive capacity A few were encountered which held back 
practically all protem and so had to be discarded We have not yet 
determmed the factors responsible for such vanations 

Obviously, membranes cannot operate m an uncomphcated sieve- 
hke manner Even though they are as thin as paper, the ratio of 
the length of the pore to its diameter is enormous The virus of 
yellow fever passes through a membrane which has an average pore 
diameter of 50 m/i and measures 0 15 mm m thickness Comparing 
the pore diameter of 50 m^ to its length of 150,000 m/i, the ratio is 1 
to 3000 If we consider the surface and capillary forces which operate 
m such a long and narrow channel, it becomes apparent that a particle 
able to transverse this passage must have a diameter considerably 
smaller than that of the pore diameter Elford (26) has discussed this 
matter fully and from the results of quantitative experiments with 
particles of known size concludes that membranes with average pore 
diameters ranging from 10 to 100 mju must have pore diameters of two 
to three times the diameter of the particle to permit its passage In 
membranes having an average pore diameter of less than 10 m/i, or 
more than 100 m^t, this ratio is decreased 

It appears from Elford 's observations, as well as our own, that a rela- 
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lively large group of viruses has a filtration end point between 25 and 
100 m/i No observations have as yet been made estabhshing the 
pore/particle ratio using proteins of known molecular sizes within 
these limits, since only one protein substance, hemocyanin of the 
snail, Helix pomatia, (Svedberg and Chimoaga (30)), with a sphencal 
molecule of suitable size is known To obtain data applicable to this 
group of viruses, previous investigators have tested suspensions of 
metal sols and aniline dyes Since the colloidal behavior of these 
substances differs radically from that of proteins, we believe that the 
results so obtained may not be stnctly apphcable to biological matenals 
Two proteins having molecular sizes smaller than the size of most 
of the viruses were tested for filtration end pomts Crystalline 
ovalbumin was prepared by the method of Hopkins and Pinkus (31) 
and was punfied by recrystalhzation Oryhemoglobin was prepared 
from the blood of sheep and monkeys by washing cells three times in 
sahnc, laking them with distilled water, and oxidizing by the passage 
of air A mixture for ultrafiltration was made as follows 


5 per cent hemoglobin suspension 

2S Occ 

Hormone broth, pH 8 0 

20 0 

4 per cent cr> stalUne ovalbumm 

20 0 “ 

Phosphate buffer, ii/lS, pH 8 4 

20 0 ‘ 

Distilled water 

10 0 " 

1 per cent chmosol solution 

5 0 ■ 


Smce filtration through membranes with average pore diameters 
capable of holding back albumin is extremely slow, the chinosol i\as 
added as a preservative, bemg espcaally suitable for this purpose 
smce It does not coagulate protein The mixture was passed through a 
Seitz filter and then through a membrane of 400 m/i and, finally, one 
of 85 mp average pore diameter This stock filtrate was divided into 
portions and passed through membranes ranging from 9 m/i to 2 3 
mp average pore diameter under a pressure of tno atmospheres 
The filtration period was 18 or 19 hours The results of the expen 
ment are shown in Tables I and IT 

The oxj hemoglobins from the sheep and monkey were similar in 
size, passing through pores of 8 m/i but not passing pores of 7 0 mp 
diameter The albumin in each case passed through pores of 6 2 
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but not tbrougb 4 2 mu diameter The albumin was detected by the 
precipitm reaction, while hemoglobin was recogmzed by its color 
Our results obtamed on filtration of ovalbumin are in full agreement 
with those of Elford (26), who also found the end-point to be 6 mju 

TABLE I 

UUrajilirahon Experiment with Oxyhemoglobin from Sheep and Recrystallized Egg 

Albumin 


No of 
membrane 

Average pore 
diameter 

Amount 
of filtrate 
collected 

Filtration time 

Presence in filtrates 

Oxyhemoglobin 

Albumin 



cc 

hrs 



128 

9 0 

7 0 

18 

-hH — h 

-] — ! — h 

125 

8 0 

5 5 

18 

-t-f + 

-f-++ 

120 

7 0 

5 0 

18 

0 

■+•-1-+ 

143 

6 2 

6 5 

18 

0 

-f+ 

144 

4 6 

6 5 

18 

0 

0 

145 

3 7 

6 0 

18 

0 

0 

146 

3 2 

6 0 

18 

0 

i 0 

156 

1 

2 3 

4 0 

18 

0 

0 


TABLE n 

UlirafiUraiton Experiment with Oxyhemoglobin from Monkey and Recrystallized Egg 

Albumin 


No of 
membrane 

Ax erage pore 
diameter 

Amount 
of filtrate 
collected 

Filtration time 

Presence in filtrates 

Oxyhemoglobin 

Albuimn 



CC 

hrs 



128 

9 0 

7 5 

19 

++++ 

+++ 

125 

8 0 

5 5 

19 

+++ 

+++ 

120 

7 0 

6 0 

19 

0 

+++ 

143 

6 2 

7 5 

19 

0 

+ + 

144 

4 6 

7 0 

19 

0 

0 

145 

3 7 

6 0 

19 

0 

0 

146 

3 2 

4 5 

19 

0 

0 

156 

2 3 

3 5 

19 

0 

0 


The results obtamed with oxyhemoglobin, however, differ somewhat 
Elford used hemoglobin from horse blood, and found the end-point 
to be 10 m/i Consequently he assigns a pore/particle ratio of 2/1 
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for hemoglobin and 1 5/1 for ovalbunun The size of the oxyhemo- 
globin molecule has been determined by Northrop and Anson (32), 
using diffusion measurements, and by Svedberg (33), using ultra 
centnfugal analysis The results obtained are almost identical, 
indicating that the hemoglobin molecule has a dissymmetry ratio 
of 1 25 and a diameter of about 5 m/t Svedberg also determined the 
molecular size of ovalbunun and found it to be sphencal with a diam 
cter of 4 34 mp Using these values in connection with our filtration 
results, we find a pore/partide ratio of 1 5/1 for both ovalbumin and 
oxyhemoglobin 

We have had occasion to carry out filtration experiments with several 
viruses which have been studied by Elford, and the filtration end- 
pomts are found to be m dose agreement These results will be 
published in later commumcations 

SUMMARY 

1 The method described by Elford for the preparation of graded 
collodion membranes suitable for ultrafiltration was found to give 
excellent results, and his findings are fully confirmed 

2 A formula is given for the preparation of collodion from which 
satisfactory membranes of graded porosity can be prepared 

3 The tedmique and apparatus used m the preparation, and stand 
ardization of membranes are described in detail 

4 The techmque and apparatus required for ultrafiltration experi- 
ments are described, and some drawbacks encountered in the expen 
ments are discussed 

5 The results of ultrafiltration expenraents show that the pores 
of the membranes are remarkably umform in size 
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THE EXTINCTION OF REFLEXES IN SPINAL MCE OT 
DIFFERENT AGES AS AN INDICATOR OF THE 
DECLINE OF ANAEROBIOSIS 

By E V ENZMANN AND G PINCUS 

(From the Lahoratory of General Physiology^ Harsard University, Cambridge) 
(Accepted for publication, April 25 1934) 

I 

The following expenments were undertaken as part of an investiga- 
tion of the possibility of the occurrence of partial anaerobiosis m new 
bom and suckling mice Several other methods of approach, such 
as asphyxiation by illuminating gas or by carbon monoxide (Enzmann 
and Pincus, unpubhshed) or by mtrogen (Kohn, unpublished data) 
have been studied and the results will be presented elsewhere It has 
been noticed in all these e.xpenments on asphyxiation that young mice 
exhibit a remarkable resistance to lack of oxygen, which is in agree 
ment with the results of earhcr experimental work on similar hues 
(Bert, 1874, Avery and Johlin, 1932, Irving, 1933, cl al ) It occurred 
to us to mitiate asphyxiation through stopping the blood supply to the 
spinal cord by transecting it at the mid region of the cervical spinal 
column, definitely below the level of the respiratory center A sunilar 
method has been used to produce anemia m defimte regions of the 
central nervous system (Stenson, 1667, Pike, 1909, and other workers) 
The result of interrupting the blood supply to the spinal cord is a 
gradual disappearance of all reflexes and final paralysis 

II 

The bead was severed from tbe body b> transecting the neck with a sharp pair 
of scissors m the region indicated The method is not ideal as it in\ olves a varuble 
amount of bleeding but is preferable to a blow on the head Stunning and 
killi ng the animals bv a sharp blow on the head usuallj leads to severe internal 
hemorrhages which might mterfere with reflex activit> after the initial shock 
furthermore a blow cannot easd> be debvered with equal force or alwajs at tbe 
same pomt, and for some reason it leads to a more set ere shock than transection of 
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the spinal cord The timing was done with a stop-watch The reflex activity was 
tested by means of mechanical or graded electncal stimulation 

In the descnption of the phenomena following the transection of the spmal 
cord at the mid-cemcal region we shall make use of some of the terms employed 
by Riddoch (1917), but we shall define the term “spinal shock” as a temporary 
stoppmg of all reflex activity of the spmal cord below the level of the transection 
immediately after the operation 

Four sharply defined periods may be distmgmshed after the transec- 
tion, which are characterized by the appearance of the following 
phenomena 

1 Immediately following the operation there is shock (“period of 
flaccidity” of Riddoch), dunng which the ammals are perfectly quiet 
although vanous groups of muscles, notably those concerned in flexion 
of the spine, show strong contraction 

2 There follows a penod of hypenrriiabihly imih spontaneous mass 
reflexes, chiefly vigorous kicking of the hind legs and convulsive twitcli- 
ing of the tail, the forelegs are not always involved 

3 The penod of mass reflexes The ammal is perfectly quiet, all 
spontaneous motions having disappeared The nervous system is still 
hyperirntable and each single stimulus throws the whole body into 
convulsive activity This penod passes gradually into a period of 
orderly responses resembhng those obtained in the spinal frog, although 
the reflexes are less purposeful As the spread of nervous impulses 
dimimshes, the animal gradually enters the last penod, that is, failure 
of reflexes 

4 The final penod, failure of reflexes, is characterized by a gradual 
decline of the reflex activity While dunng the preceding penod 
every stimulus causes results in movements of both fore and hind legs, 
the spread now is much less Gradually the area from which reflexes 
may be obtained dimimshes, until only stimulation of the base of the 
tail and upper part of the hind legs leads to response The threshold 
increases enormously, while the vigor of response dechnes till somatic 
death supen^enes 

III 

There are remarkable age differences in each of these penods, espe- 
cially in the last one The period of shock is very bnef in all animals 
but is definitely shorter in very young mice The recovery is qmcker 
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in newborn than in adult and more complete, extending to the forelegs 
in every case It is noted that the shock is severest in the vicimty of 
the lesion The differences in duration of this penod with the age 
have not been studied in detail because the method of timing with a 
stop watch does not permitan exact defimtion of such small differences 
The penod of spontaneous mass reflexes lasts longer in > oung ammals 
and IS more complete The differences in duration of this penod 
between young and adults are also not large The greatest differences 

TABLE I 


Duration in seconds of the penods during which reflexes may be obtained from 
spinal mice of various ages at room temperature (about 22 C ) 


Age in days after birtli 

&teaD duration of reflex periods 

No orobser%aUons 

0 i 

1270 

8 

1 

922 

11 

2 

731 

6 

3 

650 

7 

4 

610 

2 

5 

476 

4 

6 

408 

2 

7 

338 

6 

9 

207 

2 

12 

148 

22 

15 

68 

18 

18 

47 

9 

30 

39 

4 

40 

33 

3 

120 

34 

1 6 


are obtained dunng the last two penods In newly born mice reflexes 
may be obtamed by stimulation of the skin for about 1,300 seconds 
following transection of the cord, while in adult animals all reflexes 
die out in 20 to 40 seconds The duration of the penods dunng which 
responses may be obtained from spinal animals at room temperature 
IS shown m Table I and in Fig 1 The duration of the penods 
dunng which reflexes are obtamable from spinal animals declines 
sharply during the 1st week of life and more slowly dunng the 2nd 
week The adult level is reached at or before the 3rd w cek after birth 
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The curve representing the expemnental results closely resembles that 
obtained by Kohn (unpubhshed data) for asph 3 oaation of young mice 
■with mtrogen, and by Enzmann and Pincus for asphyxiation "with 
illuminating gas, which supports the view that in the extinction of 
reflexes in spinal rmce we are deahng essentially with the same prob- 
lem as in asph 3 raa 

In the first senes of expenments the temperature of the young am- 
mals was not measured It is known that the onset of paralysis in 
cold blooded animals after clamping the abdominal aorta and depnv- 
ing the lower spinal cord of oxygen, appears much slower than in 

TABLE II 


Duration in seconds of the penods during which reflexes may be obtamed from 
spmal mice of various ages at a controlled temperature (37 5°C =b 0 ) 


Age m daj-s after birth 

Jlean duration of reflex penods 

No of observations 

0 

see 

1040 

22 

1 

880 

16 

2 

679 

13 

3 

596 

7 

4 

585 

21 

6 

473 

5 

7 

322 

11 

10 

176 

6 

12 

145 

4 

14 

78 

6 

40 1 

42 

8 


warm blooded animals subjected to the same treatment It is also 
well knovTi (cf Pincus, Sterne, and Enzmann, 1933) that newly born 
mice are practically poikilothermic and that the apparatus for the 
regulation of the body temperature develops only gradually 
In order to take these facts into account a second set of expenments 
was arranged Young mice of vanous ages from birth to 40 days of 
age were kept in an incubator at 37 5°C ±0 5°C until their body tem- 
perature, judged by applying a thermometer to the skin, approximated 
that of adult nuce kept under the same conditions The results are 
shown in Table EE and Fig 1 It appears that the defiaency of the 
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temperature regulating mechamsm m young mice is indeed a factor 
of importance The curve obtained by strict control of the tempera- 
ture IS dunng the 1st week of hfe in every mstance below that obtamed 
at room temperature The curve is less steep, the differences in the 
duration of the reflex penods between newly bom and adult imce, 
however, are sigmficant, and disprove the hypothesis of Barrows 
(1933) that the difference between newly bom and adult imee is due to 
a difference m body temperature 


SECONDS 



Fig I The duration of spinal reflexes (ordinate) in spinal nuce of vanous ages 
(abscissa) 

The assumption that the decrease m resistance of growing organisms 
to conditions which involve a partial or complete depnvation of oxygen 
(such as asphyxiation by carbon monoxide, illuminating gas, mtrogen, 
drowmng, spmalization) is due to a decrease in the faculty of partial 
anaerobiosis with age, seems to offer a logical explanation of our 
results The bterature affords abundant evidence in support of this 
view 

The behavior of spinal animals has been studied extensively (Sherrington 190d 
Marshall Hall, 1850, Eckhard, 1881, Onsjannikow 1874 Eckhard, 1881 Pike, 
1909, el al ) Most of these papers are of little interest in this connecUon as the 
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chief emphasis is put on the phenomenon of shock, while we are concerned with the 
gradual parah'sis of the spmal cord after recovery from the shock Sherrmgton 
has noted that the activity of the spmal cord is the better controlled the higher the 
animal’s position m ph 3 dogeny Babak (1907) found that in larval frogs transec- 
tion of the spmal cord produces no shock Pike (1909) has reviewed briefly the 
evidence for the theones of spmal shock and their apphcabihty in phvlogeny and 
ontogeny The chief interest is found m several papers deahng with the stopping 
of the blood supply to definite regions of the central nervous system, producing 
asphjxia and consequent paralysis Stenson (1667) clamped the abdominal 
aorta of a rabbit to mterrupt the blood supply to the lumbar region and observed 
paralysis of the hmd legs Further references are given m Pike’s paper (1909) 
Evidence that w'e are deahng wnth a dechne of partial anaerobiosis m growing 
organisms is supphed b}' Wmd (1926) and Burrows (1925) who showed that 
fibroblasts from the heart tissue of a 5 da}' old chick grew in mtrogen containing 
only traces of ovj'gen, while growth was absent in tissue from 10 day old chickens 
Negelem (1925) showed that in the rat embryo the rate of glycolysis under anaero- 
bic conditions was mversely proportional to age Amerhng (1908) found that in 
Fugo and Rana the resistance to O 2 lack decreases with age, and Kawajiri (1925) 
showed that the same conditions hold true for the Japanese salmon Oncorhyncus 
mason 

If It IS granted that the paralysis of the spinal cord in decapitated 
mice IS due to the failure of blood supply and consequent asphyxia 
of the nervous elements, it is highly probable that the observed dif- 
ferences in the penods of reflex activity between old and young am- 
mals are due to the power of young ammals to exist in part under 
anaerobic conditions and that this faculty dechnes with increas- 
ing age 


SUMMARY 

In spinal imce the latent penod between decapitation and the 
disappearance of all spinal reflexes decreases regularly with increasing 
age (Fig 1) Available evidence indicates that this latent period 
may be proportional to the capacity for anaerobic metabolism at 
vanous ages 
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THE APPLICATION OF QUANTUM MECHANICS TO 
CERTAIN CASES OF HOMOGENEOUS CATALYSIS I 

Bv AliEN E STEARN 

{From the Division of Physical Chemistry^ University of Missouri, Columbia) 
(Accepted for pubbcation, April 21, 1934) 

A INTRODUCTION 

Recently Eynng and Polanyi (1) have shown how the quantum 
mechanics can be used to calculate activation energies m good agree- 
ment with experimental values These calculations apply to the large 
class of reactions which proceed without involving radiation at any 
step The energy necessary to break and reform homopolar bonds 
comes from coUisions, and, since the energy found to be necessary is 
usually not suffiaent to break the bonds outright, the bonds must 
weaken each other as the reactmg molecules approach Thus, upon 
collision, certam bonds go over into new ones by an adiabatic process 

A very general and extremely satisfactory critenon of stabihty for 
any configuration of a system of atoms is the potential energy of this 
particular configuration with respect to that of shghtly vaned con- 
figurations The lower the potential energy with respect to its values 
for the other configurations the greater the stabihty This is a general 
thermodynamic criterion and does away with the necessity of trymg 
to picture models of defimte kinds of valence binding, though the use- 
fulness and desirabihty of the latter from a psychological point of view 
may remain 

As an example there is plotted m Fig 1 a graph showing how the 
potential energy of a system of any two nascent atoms (except those 
of noble gases) varies with their distance apart Here it is seen that 
when the atoms are far apart the energy is constant, x e , further sepa- 
ration does not alter it When they approach suffiaently closely, 
attractive forces begin to be effective and the potential energy de- 
creases Upon still further approach the curve passes through a 
mimmum representing the most stable configuration, or the eqm 
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If, instead of two nascent atoms, two molecules approach and 
undergo reaction the picture is different Consider the reaction 

AB +NM ^ Aif + NB 



Fig 2 Showing the change m potential energy (ordinates) of a sjstera of two 
molecules AB and NAt, as reaction to form AM and NB takes place Absassae 
may be thought of as giving the course of reaction AB and NM must approach 
to within a certain distance before anj change in energ> takes place (left hon 
zontal portion of cur\e) During reaction the ene^g^ rises and then falls to a 
constant value for the new molecular system AM and NB The height o meas 
ures the activation energy for the reaction AB plus NM equals AM plus NB 
while the height b measures this same quantitv for the reaction m the reverse 
direction The height c is a measure of the heat of reaction It is exothermic 
m one direction (as written above) and endothermic to the same extent m the 
other 

The physical process is pictured in the upper right hand comer 

If plot the total potential energ> of the various configurations of 
the four atoms. A, B, ^f, and iV, as this reaction proceeds, ^e obtain 
the curve given in Fig 2 Following the course of this curve it will 
be noted tliat as molecules AB and NM approach from sufliacntly 
large distances apart there is at first no change in total potential energy 
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and the curve is flat Upon closer approach there is a nse m potential 
energy which increases as reaction proceeds until a maximum value 
IS reached The rise in the curve may be pictured as due to the fact 
that the incipient breaking of the ongmal bonds against their full 
bond strength is pitted against the incipient formation of new bonds 
which do not reach their full bond strength until completely formed 
The height of the “hill” above the ongmal plam is a measure of the 
heat of activation and the state of the system at the summit is the 
activated state It is a state of “mdecision ” If the original mole- 
cules possess enough energy to carry them over the hiU the reaction 
goes on to completion, if they possess insufficient energy the reaction 
does not go and they merely colhde without reaction 

In passmg, one or two facts may be pointed out (a) In general 
the heat of activation will not be the same for the reverse reaction as 
for the ongmal one The difference, j e the difference in height of the 
two flat portions of the curve, is a measure of the heat of reaction 
{b) The heat of achmUon is the principal factor in determining whether 
a reaction will proceed spontaneously or not (c) The heat of reachon 
is more directly concerned with how nearly a statistical system of 
reacting molecules will undergo complete reaction before eqmhbnum 
is reached Thus if the heat of reaction is zero the heat of activation 
IS the same m either direction and, in the particular example ated 
eqmhbnum would be reached, starting with chemically equivalent 
amounts of reagents, when the reaction had proceeded half way to 
completion Such considerations are for statistical systems only 
In the individual event the reaction either does or does not go to 
completion 

Naturally the most satisfactory method of determining any magni- 
tude in which we are interested is by direct experimental measurement 
As a second choice we measure some related magmtude whose connec- 
tion with the one desired involves a minimum of inference With 
thermal measurements one runs into many difficulties It is true 
that the heats of most reactions might conceivably be directly meas- 
ured But these values involve only the system before any reaction 
has started and after it has gone entirely to completion and give us no 
information about the reacting system In very simple cases activa- 
tion energies can be measured Experimental determinations here 
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usually involve reaction veloaties and thus presuppose a knowledge 
of reaction mechanism, since, if a reaction takes place m steps it is the 
velocity of the slowest step which is the determimng factor Even 
when these values can be given a definite significance, however, they 
teU us only the maximum height of the “potential hill” (Fig 2) and 
say nothmg about the course of the reaction nor the configuration of 
the system in the activated state Furthermore, smce they mvolve 
measurements at different temperatures one runs into the possibihty 
that the limiting, or slow step at one temperature may not be the 
same as that at the other temperature 
By the method of Eynng and Polanyi one calculates the potential 
energy of any specified configuration of atoms Even in the present 
unperfected state the information obtainable in this manner is of high 
value Thus, for a particular postulated mechamsm of reaction, the 
complete course from start to fimsh can be followed, by a suffiaently 
exhaustive study the actual mechamsm can be ascertamed (from the 
possible mechamsms one eliminates all except one, t e that of lowest 
activation energy), the calculations are based on very fundamental 
experimental data of a general nature 
The quantum mechanics has uncovered a hitherto unsuspected 
source of binding energy — a resonance of electron pairs between atoras 
due to a rapid mterchange of electrons among themselves This gives 
a more definite picture of the electron pan: bond The energy of any 
configuration is, then, given in terms of two contnbutions — an electro 
static force, always attractive and usually termed the coulombic part, 
and a resonance force, which may be either attractive or repulsive, 
dependmg on whether the electrons arc paired or not, usually called 
the interchange contnbution The painng of electrons may be roughly 
thought of as due to the fact that they are aU spinmng and are thus 
small magnets The binding, of course, does not arise from this 
magnetic effect but is an electrical attraction Only two electrons 
of opposite spins pair, and any other electron is then repelled In the 
ordinary bond it is found that about 14 per cent of the bond strength 
IS due to the coulombic contribution and about 86 per cent to the mter 
change The particular distribution between these two factors makes 
no difference on any initial or final state of the system but is of signifi 
cance in the activated state as the value of the activation energy is 
appreciably affected by this distnbution 



176 QUANTUM MECHANICS AND HOMOGENEOUS CATALYSIS I 

By tius method calculations are fairly easily made for systems con- 
taming four reacting atoms, and they can be quite practically made for 
those contaimng five or six atoms For larger molecules the complete 
problem is, in practice, almost impossible of solution Even here, 
however, much valuable information can be obtained by confining 
oneself to the reacting groups 

When we make this simphfication the most important factor we are 
neglecting is the stenc effect of the non-reacting parts of the molecule 
Such effects are of much more importance m some cases than m 
others They are particularly important for certain classes of 
orgamc reactions ^ 


B Catalysis 

Specific reaction velocities can obviously be increased in two ways 
The number of molecules possessing sufficient energy to surmount the 
barrier, or potential hill, may be increased The temperature effect 
on reaction velocity comes through this mechanism, and, as is well 
known, data from temperature coefficients of reaction velocities are 
the basis of the ordinary method of measuring activation energies 
There may, however, be varying environmental conditions which 
alter the height of the barrier These are catalyzing conditions, the 
catalyst being negative if the height be increased and positive if it be 
decreased 

The statement was made above that the distribution of energy 
between coulombic and resonance was qmte sigmficant in the activated 
state , 7 c when the system is just at the top of the hill Large polanza- 
bihties resulting in appreciable permanent dipoles, as well as extra 
charge due to ionized condition of reacting groups, play a role in in- 
creasing the per cent of the total energy which is coulombic, and 
therefore m changing the height of the hill This energy can be 
estimated as 


r.i 

t c , the product of each pair of charges over their separation m a 

* In certain cases e\ cn these effects can be treated by quantum mechanics 
and the author has some speafic cases under investigation 
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dielectric of unit constant The sum is of course algebraic and is a re 
pulsion for hke charges and an attraction for opposite In any other 
dielectnc medium the constant must be considered, which, for water 
at the distances involved, approaches the optical value of 3 m place 
of the static value of 80, which is the constant for larger distances 
of separation (3) 


C Hydrolysis of the Carbon Nitrogen Linkage 
The reaction 

= C - N = +HOH-*sCOH+ =. NH 


was investigated Thus we are m reality investigating the hydrolytic 
sphttmg of a C — bond and neglecting stenc effects of the other groups 
attached to the carbon and mtrogen If to the former there is 
attached a carbonyl oxygen and to the latter one hydrogen we have 
essentially the peptid linkage Were we to be mterested in the 
absolute values of the activation energies in this paper such stenc 
effects should not be neglected, though they are by no means easy to 
estimate ’ In this paper, however, we shall be interested in catalytic 
effects, t e in lowermgs of activation energies rather than in their 
absolute magmtudes, and the results, it is felt, can be thought of as 
apphcable to the peptid hnkage even though the nature of the par 
ticular substituents attached to the C and the N are not specified 
The reaction may be diagrammatically indicated as follows 


=C N= =C. yN= 

' X, ' 

— O H — O H 


N= 

I 

H 


(a) 

Reaction not yet 
started 


tt) 

Some intermediate 
state one of 
wbich It the acti 
voted state 


w 

Reaction 

completed 


As the 0 — H group approaches the C — N group these tv, o hnkages tend 
to weaken and other hnkages begin to form namely C — 0, C — H, 

* Even m such cases the order of magnitude can be obtained Thus from some 
unpubhshed calculations it is found that substitution of a C — 0 for a C — ^11 bond 
on one of the carbons of a C — C bond lol^ers the activation energ> nccessarv to 
break the C — C bond b> about 3 kilo cal 



178 QUANTUM MECHANICS AND HOMOGENEOUS CATALYSIS I 


N — 0, and N — H These are only incipient tendencies and furnish 
only a small amount of energy whereas the breaking of the onginal 
0 — and C — N bonds must be accomphshed against their full 
strength Thus the potential energy of the system will rise with the 
approach of the reactmg groups so that they will be repelled unless 
they have sufi&cient kinetic energy to balance this repulsion The 
minimum energy reqmred is the energy of activation It is the 
energy just necessary to carry the reacting system over the potential 
hiU (Fig 2) 

Now the binding energy, E, of a configuration of four atoms involv- 
ing one valence each is given by the expression 

E ^ Ai At Bi -{■ Cl Ci 

W 

V i l(«i + + («i 4* oti — 7i — 7j)’ + te -h ft ~ Ti ~ 7s)’] 

Where Ai -{■ ai (see Fig 3) is the total binding energy of one of the 
atom pairs and is a function only of the distance apart of this pair 
This is directly read from the corresponding Morse curve for the par- 
ticular atom pair The same thing is true for 3i -f- fii, Bz -f ^z, C\ -{- 
7 j, etc Here the ^’s, jB’s, and C’s give the coulombic energies and 
the a’s, iS’s, and y’s give the interchange energies The distribution 
of energy in ordinary cases has been found to be 14 per cent coulombic 
to 86 per cent interchange Thus it is a comparatively srniple matter 
to get the energy of any configuration To obtain the activation 
energy one calculates the energies for a number of configurations as the 
0 — H and the C — N groups approach, varying all the factors includ- 
ing angle of approach One can then construct a potential surface 
or senes of surfaces and the lowest potential hill over which it is neces- 
sary for the reacting system to go will measure the activation energy 

The equation proposed by Morse to give the potential energy, E, 
of a pair of atoms as a function of their distance apart, r, (see Fig 1) 
has the form 


jE = 23' — e-S'Ci—ro)) 

Here D' is the heat of dissociation of the bond, D, plus the hah quan- 
tum of \abrational energy it has in its lowest state, te where 

IS the \nbration frequency in the lowest level is the equilibrium 
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value of r in the fully formed bond, and a is given by a = 0 1227 
•w„ {M/D'Y, M, the reduced mass bemg defined by 


1C - 


if. If, 
if, +lf. 


Mi and M, being the atomic weights of the two elements forming 
the bond 

Table I gives the constants used in obtaimng the Morse curves for 
the vanous bonds involved in the reaction here studied D and Z>' 
are m kilogram calones, is in Angstrom umts, and w, in wave 
numbers 

For this reaction the activation energy comes out about 31 9 kilo 
cal The potential energy change dunng the course of reaction is 


TABLE I 

Cmsiattls Used tn Morse Equation 


Bead 



r 

“ 

V 

C-N 

66 

4 

67 

87 

1 47 

2 


ms 

C— H 

92 

3 

96 

46 

1 12 

1 

874 

2930 

c-o 

81 

8 

83 

27 

1 43 

1 


1034 

N— H 

96 

9 

101 

55 

1 06 

2 


3270 

N— 0 

38 

5 

40 

2 

1 36 

3 

357 

1191 

0— H 

113 

1 

118 

3 

0 97 

2 

135 

3660 


given in Fig 4, Curve A The ordinates are potential energy values 
of the reacting system while absassae cannot be so easily defined 
They really represent the succession of configurations of the system 
dunng the course of reaction for which the potential energy is a 
minimum The curve consists of two horizontal parts and a center 
hill The absassae along the left hand horizontal part may be 
thought of as givmg the approach of the two onginal groups, and, 
those along the nght hand horizontal part as giving the separation of 
the products formed in the reaction The absassae in the center 
give configurations dunng reaction Complete graphical representa- 
tion would reqmre a four dimensional figure and the points on the 
curve in Fig 2 are taken from such a figure (or senes of three dimen 
sional ones) and selected to give the lowest potential hill over iihich 
the reaction must go 
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In passing it may be pointed out that the center of the hill seems 
in reality to be the floor of a shallow basin whose run is somewhat 
over 3 kilo cal above the floor This might mean a hydration with 
corresponding heat of dissoaation The interpretation in any case 
IS suggestive Thus dissociation of this rather unstable complex 
m one direction would yield v/ater and a peptid while in the other 
direction it would yield a substituted amine and an alcohol or carboxyl 
In the present case this basin is of little importance as its depth is 
small compared with the height of the hill which must be surmounted 
before reaching it However, were the hill itself significantly lowered 
the same basin would attain much significance and might represent 
the type of bond which obtains, for example, in the reaction between 
proteins and dyes The factors which alter the height of this hill 
v/ill be treated in the next section But further consideration of the 
basin will not be included in the present paper 

/) Calalyhc Effect of Hydroxide and Hydrogen Ions on Reaction 

The mechanism of the catalytic effect of these ions can be asenbed 
to a redistnbution of charge cither entirely or m part by induced polar- 
ization, wth a consequent increase m coulombic attraction and con- 
comitant lowenng of total potential energy Qualitatively it may be 
seen at once that the hydroxide ion may be expected to have the 
greater effect for here we can definitely locate one electronic charge 
on the oxygen of the reacting 0 — H group whereas the hydrogen ion 
produces its effect by induced polarization * 

Ihe calculations under these conditions are by no means as straight 
fonvard as for the first case, the results of which have been given 
above It is thus worth while to indicate their nature In the calcu- 
lations referred to in Section C, the distribution of coulombic and 

^ It ma> be questioned vhy, if wc view the hydrogen ion as essentially OHj'*', 

V c might not ha\c the charged hjdrogcn as an essential constituent of the reacting 
0— H group ^Mth, at first sight, even greater catal>tic eficct than the hydroxide 
ion A v.nting out of the reacting configuration, hovever, v/ould shoiv that as 
the reaction goes to completion one of the other 0 — II bonds in the OH3+ would 
also ha\c to be brolen and for a hvdrogcn more remote from the reacting one, 

1 hicli is vcr% improbable The actual cflccl of this ion may better be looled 
upon as an induced coulombic cfTcct 
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interchange energy was taken as 14 per cent and 86 per cent respec- 
tively of the total energy This has been found experimentally 
to hold in many of the cases studied For a bond between two hydro 
gen atoms where mduced polarization is small Sugiura (4) finds a 
corresponding distribution of 10 per cent to 90 per cent and this 
changes with polanzabihty being 22 per cent for the Li — Li bond (5) 
and 28 3 per cent for the Na — Na bond (6) We shall therefore take 
10 per cent and 90 per cent as a startmg value and correct for addi 
tional coulombic energy The assignment of charges can be approxi- 
mated by a knowledge of the dipole moments of the bonds From 
the values for these moments (7) the foUowmg charges were assigned 
to the atoms of the reacting groups 

C -t- 12 X lO-'^esu 
0-06 X 10-*" ‘ ‘ 

N - 1 0 X 10-*" " " 

H 0 33 X 10-*» 

For the activated configuration (Tig 3) the coulombic energy in 
kilogram calories per mol is 



if c is given in e s u and r is in Angstrom umts Here 3 is the optical 
dielectric constant of the medium This added coulombic energy in 
the case of the achvated configuration amounts to 5 52 kilo cal This 
would bring the coulombic per cent from 10 per cent to 13 6 per cent 
giving an activation energy of 32 7 kilo cal in place of the 31 9 kilo 
cal obtained by usmg the 14 per cent to 86 per cent distnbution 
Thus it IS thought that one can in this way get a reasonable order of 
magmtude for catalytic effects * 

" To verify this it is merely necessary to take the distances given in Fig 3 
and read off the vanous bond energies from corresponding Morse curves If Ri 
R 2 , Ri are these readings and if A and ¥ are the respective fractions 

givmg coulombic and interchange energy then Equation 1 may be ivntten 

£"A [fti -f- Jfi d- d" I6I 

d- 1 Vi [(ft + R,-R,-R,)' + (ft d- ft - El - Ra)' + (R> + R<- Rt -il’l 

In this form the adjustment of A and Y and E for mduccd coulombic energy 
becomes quite simple 
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Table n gives basic data from wbicb tbe evtra coulombic energy 
the polarized systems, ? c , in presence of H+ or OH~, are calculated 
Values of a are obtained by assigmng the same refraction to every 
ictron in the valence shell of an atom and assuimng all unshared 
:ctrons to be polarized with the bond Thus the C-0 bond 
taction = j C -f 5/6 0 where C and 0 are atomic refractions of 
rbon and oxygen respectively For alkahne solutions, where the 
arged oxygen would not polarize its own bond with appreaable 
irease m energ}’’, the polarized bond would be N — H in configuration 
ind C — N in configuration 10, for examples The configurations are 
mbered arbitrarily as plotted as abscissae in Fig 4 and one of them, 


TABLE n 


Bond 

Atomic distances in \ngstr6m units 

Bond polanr 
ability 
o X io« 

Eqmlibnum 

ConfiguratiSn No 

3 

4 

7 

10 

C— 0 

1 43 

1 50 

1 50 

1 60 

1 70 

0 89 

C-N 

I 47 

1 64 

1 63 

1 45 

1 41 

0 77 

N*— H 

1 06 

1 06 

1 12 

1 18 

1 1 18 

0 94 

Q-H 

0 97 

1 59 

1 40 

i 1 10 

0 97 

1 05 

C-H 

1 12 

2 03 

1 90 

i 1 74 

1 68 

0 65 

N'— 0 1 

1 36 

2 07 

2 07 

1 97 

1 96 

1 17 


nfiguration 4, is shown in Fig 3 They are merely different suc- 
55i\e configurations of imnimum potential energy assumed by the 
stem as the reaction takes place In the case of acid solutions, 
lere the proton itself is not part of the reacting system, two bonds 
11 be polarized for e\ery configuration, eg, C — 0 and N — H in 
nfiguration 3 C — X and 0 — H in configuration 10, etc 
The induced atomic charges, Ca, are calculated from the relations 

^ = aF — C„r 

; = induced dipole moment) whence 
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a = polanzabihty, F = field intensity in e s u , and r = distance 
m centimeters 
But 



Cp — polarizing charge in e s u , and 3 = dielectnc constant in 
water at distances involved m the configurations studied Tables 



Fig 3 One of the conGgurations of the system, drawn to scale, for which 
the energy was calculated This in fact was the configuration of highest energy 
or the activated configuration, for the case under consideraUon 

may be made for vanous values of r and thus of F giving the induced 
and total charges for any configuration For hydroxide ion a con- 
servative estimate, for all configurations studied, of the value of r is 
about 2 A u (see bottom row of Table II) This approaches very 
near to the actual conditions, and Table III contains the results of 
calculations for certain of the configurations on such a basis 
These energy values (the last column of Table IH) are plotted as 



•K-ti-O 


^ \ 

o \ 


as *e t®*® 

rpnti-g’^*^^ s oi tie systec^ as ^^^^^55^00 

Respond to state aitet tie^^ ,d^\ 

fieaTe, ^°"^SjaUoa oi OH' .^acuon la a 

tiercacuoa^^ 

Ulo ca^ 
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Curve B m Fig 4 The heat of activation is 186 2 — 171 7 e= 14 5 
kilo cal This value should not be compared directly with the value, 
ca 32, for neutral water since the OH ion concentration will always be 
much lower than the effective water concentration m dilute aqueous 
solutions Should we arbitrarily take the latter value as 55, then 

TABLE ni 


Bydrotxde Ion Catalysis 

F ■» 4 X 10® e s u corresponding to polarizing distance of 2 A u 


Coofi^ ration 

Qiarge X 10» e ■ 

u. 


Polailttd 

Bond 

PtJarlzation 

Total energy 


C 

N 

0 

H 

energy 

tlon 








il| eel 

kt taJ 

Before re 
action 


— 

— 

— 

— 

— 

— 

-186 2 

3 

Induced 

Total* 

1 2 

0 34 

1 34 

4 77 


N— H : 


-171 7 

4 

Induced 

Total 

1 2 

0 34 

1 M 

4 77 

0 34 

0 67 

N— H 

-20 9 

-174 1 

7 

Induced 

Total 


0 22 

1 22 

4 77 

0 33 

C—N 

-18 4 

-177 0 

10 

Induced 

Total 

0 14 

1 34 


4 77 

0 33 

C— N 

-18 8 

-174 8 

After com 
plete re- 
action ' 


— 

— 

— 

— 

1 “ 


-184 8 


• This total charge is obtained by adding the induced charge to the funda 
mental dipole charges given above The essential correctness of these values is 
rendered highly probable smee they are in agreement independently with the dipole 
moments mvolvcd and the basic 14-86 distribution of coulombic to interchange 
energy m the neutral s>'stem 

Table IV would give the apparent relative activation energies at 
vanous pH values 

With acid catalysis we proceed m the same manner VTule the 
problem is slightly more complicated than in the case of alkaline 
catalysis much of the uncertamty is ehminated by the fact that there 
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Mill be no interchange repulsion in the case of the proton For con- 
figurations 3 and 4 it wiU form part of a substituted ammonium ion 
while for configuration 10 it will form part of an oxonium ion Only 


table IV 


pH ! 

Apparent actuation energj 


is cal 

(Xon-ionized ivater) 

31 9 

10 

22 S 

11 

21 3 

12 

20 0 

13 

IS 5 

14 

17 0 


TABLE V 
Aad Catalysts 


Con*-faj j 
ration 

Charge X 10^’ e •: u 

Polanzed 

bonds 

F 

Polarization 

coulombic 

energy 

Total energy 
of configura 
tlOD 


C 

N 

0 

H 






■ 


e 5 u 

is cal 

is cal 

3 

Induced 

0 IS 

0 S9 

0 IS 

0 89 

/ C-0 

3 X KH 

-16 9 

-168 5 


Total 

1 3S 

1 S9 

0 7S 

1 22 

\ N— H 

1 

10' 



4 

Induced | 

0 IS 

0 84 

0 IS 

0 S4 

1 c-o 

3 X 105 

-15 8 

1 -167 6 


Total 

1 3S 

1 S4 

p 7S 

1 17 

\N— H 

10' 



7 









-174 0* 

10 

Induced 

0 I7j 

0 17 

I OS 

1 OS 

1 C— X 

3XW 

-15 8 

-170 3 

1 

Total j 

1 37 

1 17 

1 6S 

I 41 

\ O— H 

10' 




* In this configuration neither X — nor 0 — H are near their equilibnum bond 
distances apart (see Table II) so one cannot definiteh place the proton either 
on the X or on the 0 Arbitran calculation on the one assumption leads to a 
\-alue — 173 kilo cal for the total energ} of the configuration ishile — 175 kilo 
cal IS obtained on the other assumption This is of minor importance since 
configuration 4 is the actirated state here 

in such a configuration as 7 will there be much doubt, and so far as 
actnwtion encrgn is concerned this is of less importance than 4 or 10 
(the former being the acti\-ated configuration under these conditions) 
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Thus from the structure of the ammonium ion and OTOnium ion we 
can fairly defhutely locate the polanzmg charge Table V gives 
results for acid catalysis analogous to those of Table IV for alkahne 
catalysis We now have two bonds polanzed and with different 
values of field intensity, as the proton will belong either to the ammo 
mum or the oxonium system and will not be symmetrically placed 
The heat of activation, then, is 186 2 — 167 6 or 18 6 kilo cal 
These results are plotted as Curve C, Fig 4 

E Relative Catalytic Efects of Hydroxide and Hydrogen Ions 
The activation energies of hydroxide and hydrogen ions are, then, 
respectively 14 S and 18 6 kilo cal , a difference of 4 1 kilo cal If 
pH were in both cases a measure of the effective concentrations this 
would correspond, at 40°C , to relative speeds of hydrolysis of 

4100 

eiu = 700 

However, while pH is such a measure for hydroxide ion as it enters 
as one of the reagents, it is not so for hydrogen ion whose effective 
concentration is much greater than the value given by pH This 
statement must not be interpreted as meaning that catalytic effect 
in acid solutions is independent of pH Rather the difference in the 
two ionic effects can be pictured as follows The maximum effect of 
OH ion comes when it enters as one of the reagents rather than plays 
a purely inductive r61e As such the pH would measure its effective 
catalytic concentration The hydrogen ion, on the other hand, cata 
lyzes by purely induced charges on the reacting atoms pH measures 
its activity throughout the solution, but there may be a tendency for 
it to concentrate selectively at the reacting points in the molecules 
If by hydrogen ion one means strictly oxonium ion there will be no 
such tendency, but if one means, more loosely, proton, then the forma- 
tion of a basic nitrogen as the hydrolysis proceeds would induce proton 
concentration in the sense of the proton transferring from oxonium 
ion to a sort of substituted mimonium ion If, for a particular con 
figuration such as the activated one, the distribution ratio of proton 
between water and mtrogen of the substituted ammonia remains 
sensibly constant, then, even though the catalytically effective con 
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centration of proton may differ from that given by pH measurement, 
nevertheless the change in reaction velocity with hydrogen ion con- 
centration will be proportional to the change of the latter as measured 
by pH Thus to get at this effective H ion concentration, even though 
in a rough way, one must investigate the distnbution of proton between 
water and a properly substituted ammoma 
In the activated state, configuration 4, we have practically an acet- 
amide mtrogen Thus we have 

RCONH-. -f OH?" RCONHt + OH, 

(RCONH^) (OH,) _ 

(RCONH,) (OH^-) “ 


But 


(OH,+) 


(oiF) 


or 

(RCONH-) (0H-) KK„ ^ , ,, iTtfOH,) 

■■■"(rconh;) ■■■■ = ^ ^ “ —kT 

where Ki is the basic lomzation constant of the amide 
Now at 40 2°C (8) Kb for acetamide is 3 3 X 10~“, for acetamhde 
it is 4 4X10~“, and for urea 3 7 Xl0"“ is ca 3 X 10~“ Thus, 
approximately, 

K = (OH.) = 55 


and the effective concentration of hydrogen ion is not far from 55 
times its actual concentration This would cut down the speed ratio 

of OH~ to H+ catalyzed hydrol 3 ^is from 700 to around or 13 

00 

One might expect therefore this speed ratio to he between 13 and 
700 and much nearer to the former value at 40°C ® 

* It ma% ■s\ell be suggested that this argument about the proton distnbution 
would not apph to such a configuration as 10 where the 0 — separation has its 
equihbnum wlue of 0 97 A u and N — has a separation too great to give it 
the consideration of an amide configuration In this case where no doubt the 
effectne and actual H+ concentration must be considered the same the energy 
of the sisfcm is lower, —1703 hilo cal in place of —1676 for configurabon 4 
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It IS very suggestive that the results of Northrop (9) on the hydrolj - 
SIS of gelatin at 40° show that, for suffiaently high hydrogen or h> 
droxide ion concentrations, the velocity ratio, which has been calcu- 
lated for splitting the peptid hnkage as between 13 and 700 and proh- 
ahly much nearer the former value, seems to be about 30 
In nearly neutral solutions the hydrolysis proceeded some 300 to 
400 times as rapidly as predicted by hncar dependence on H+ or 
OH" concentration This was attributed to a difference in speafic 
reaction rate between the ions of gelatin and the “uncombined” 
matenal though no reason for this was suggested at the time A 
ratio of 300 at 40° corresponds to an acbvation energy difference of 
about 3 6 kilo cal , an amount easily possible and perhaps due to a 
combination of two factors The shortemng of protem “spirals” 
in the isoelectnc condition (10) may involve both stenc effects in inter- 
change repulsions and valence angle changes Both involve energy 
The order of magmtude may be seen by the facts that (1) substi- 
tution of a C — 0 bond for a C — H in ethane deaeases the activation 
energy required for hydrolytic breakmg of the C — C bond by over 3 
kilo cal (11), the actual rotation of a methyl group about the C — C 
bond axis m methane through 60° from the stable configuration in 
volves about 0 34 kilo cal (12), a distortion of 5° in the angle of di 
rected valence in a water molecule involves about 8 kilo cal (12), etc 
Thus, during the pH range through which gelatin is passing from the 
amon state through the isoelectnc state and into the cation state 
there may well be a goodly portion of this range where the reaction 
veloaty for hydrolysis is nearly independent of pH 
The results of Wijs (13) fit into this picture very suggestively The 
bonds involved are not identical, but the values of are stnkingly 
nearly the same so that the activated configurations will differ only 
very shghtly This is shown in Table VI Now in such a case we 
might well expect the relative effects of OH" to H+ to be very nearly 

The 55 fold increase mentioned above would correspond to an apparent energy 
change in the sjstem of 2 5 kilo cal bringing configuration 4 to an apparent 
value of — 170 2 so that It does not drop under configuration 10 In other a ords 
passing through configuration 10 even though we cannot speak of higher effec 
tive Hr concentration will not diold up” the reaction with respect to con 
figuration 4 
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the same except that we have now no amide group to alter the ef- 
fective H+ ion concentration Wijs found, at about 25°C , that 
the OH“ ion was some 1370 times as effective as the H+ ion 
This corresponds to a difference in activation energies of 4 3 kilo cal 
as compared with 4 1 kilo cal calculated here This does not, of 
course, mean that the activation energies of the two hydrolyses 
are the same but that the calculation of the relative catalytic effects 
of H+ and OH“ should be the same were it not for the amide N in 
the activated state of the peptid hydrolysis 
In a second paper the possible prosthetic action of certain groups 
will be considered from the point of view of their dipole effect on the 
coulombic energy of an activated configuration 


table VI 


Bonds unohed m peptid h>drol>sis 

Bonds involved in hydrolysis of methyl acetate 

Bond 

fo 

Bond 

re 


A u 


Aft 

C— 0 

1 43 

C-0 

1 43 

C— N 

1 47 

C— 0 

1 43 

0— H 

0 97 

0-H 

0 97 

N-H 

1 06 

0— H 

0 97 

C— H 

1 12 

C-H 

1 12 

— 0 

1 36 

0—0 

1 32 


summary 

1 The activation energy for the hydrolytic breaking of a peptid 
linkage has been calculated from quantum mechanical considerations 

2 The relatn e catal}- tic effects of H+ and OH~ and the mechamsm 
of these effects have been calculated and discussed 

3 These effects are both qualitatively and semiquantitatively m 
agreement with expenment 
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TEMPERATURE CHARACTERISTICS EOR THE 
metabolism of CHLORELLA 

H The Rate of Respiration of Cultures of Chlorella 
PYRENOIDOSA AS A FUNCTION OF THIE AND OF 

Temperature 

Bv C s french H. I KOHN Aim P S TANG 
{From the Laboratory of General Physiology, Borsard University, Cambridge) 

(Accepted for publication Apnl 2S, 1934) 

1 

Emerson (1926-27) has demonstrated the presence of two types of 
respiration in Chlorella pyrenotdosa and other green algae The first 
IS the normal respiration of the plant during the course of which a 
photosynthetic product is consumed, and is exhibited when a culture 
is suspended in Knop’s solution Iron-bmding inhibitors such as 
tyamde shghtly increase its rate The second type of respiration is 
apparent on the addition of glucose to the suspending medium, when 
the respiration of the orgamsm is doubled Tbe mechanism responsi 
ble for this increase differs from that concerned with the normal respi 
ration, however, in that it may be inhibited by the action of cyamde 
In a previous paper (Crozier, Tang, and French, 1934r-3S) deahng 
with Chlorella, the temperature relations were determined for respura 
tion in Knop's solution to which glucose had been added We now 
consider the “normal” respiration of the orgamsm, in order to deter 
mine the time course of the reaction at constant temperature, the 
respiratory quotient, and the temperature charactenstic We shall 
discuss these topics in the order mentioned It is to be noticed that 
the conditions of these observations arc such that constant rates of 
respiration are not to be expected The cells have been actively and 
continuously engaged m photosynthesis, but with the beginning of 
the expenment they arc transferred to darkness, metabolism then 
involves a dechmng store of photosynthetic reserves 

193 
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n 

t 

Two series of experiments were made without added glucose, one 
on June 1-3 (C S F -P S T ), and one on Oct 13-16 (C S F -H I K ), 
1933 The technique was essentially the same in both series, differ- 
ences of detail being given m Table I 
The cells were from the same strain of Chlojella pyicnotdosa pre- 
viously used, which were given us by Mr William Arnold They were 
grown in Knop’s solution as previously described, 30 cm from three 


TABLE I 

Data Jor Experiments of Senes I and II on Respiration of Chlorella 


Senes 

I 

n 

Date of expenment 

June 1 

Oct 13 

Temperature of growth 

22°C 

20°C 

Age of cells 

5-6 days 

10 days 

Dry weight of cells per vessel 

19 5 mg 

6 3 mg 

Number of flasks mixed 

Approximate volume of cells per 

6 

4 

vessel 

121 mm 5 

48 mm * 

Temperatures 

0 9°, 5 9°, 10 9% 

0 6', 3 5®, 8 5°, 13 4®, 


15 9°, 21 0°, 28 0” 

18 5®, 23 4° 

Duration of experiment 

47 hrs 

60 hrs 

COj 

Not measured 

Measured 

Rate with 1 per cent dextrose 

Not measured 

Measured at 3 5° and 
18 5® 


50 watt Mazda bulbs, 5 per cent CO 2 in air was slowly bubbled through 
the flasks 

The measurements were carried out in conical Warburg vessels 
shaken at about 70 oscillations per minute, a 10 per cent solution of 
potassium hydroxide to absorb carbon dioxide partly filling the inset 
in those vessels by means of which we desired to study the oxygen 
consumption Six tanks at different temperatures were operated 
simultaneously in dark rooms, there being two experimental vessels 
and one thermobarometer in each for the oxygen determinations 
AU the vessels within one senes were filled from the same suspension 
to make the results directly comparable At the higher temperatures 
fresh air was occasionally drawn through the vessels to avoid excessive 
reduction of the partial pressure of oxygen 
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The carton dioxide production was measured simultaneously, in 
Senes II, by plaang an extra vessel containmg cell suspension but no 
hydroxide in each tank Assuming the oxygen consumption within 
these extra vessels to be the same as in the vessels containing hy- 
droxide, the carbon dioxide production may be determined by the 
formula, 

(t) ICO. - fiKcO — 10 

when 

lo, “ nun * Oa per hour per 2 cc of suspension measured by a vessel containing 
KOH, 

xco. =» mm * CO per hour per 2 cc. of suspension, 

Ko, ■= Vessel constant for Oj for the vessel mlhout KOH, 

KcOi'=' Vessel constant for COa for the vessel mlhout KOH, 
k = mm maease m pressure per hour m vessel without KOH 

The simpler formula for the detennmation of oxygen consumption 
was given m the preceding paper 


in 

The course of oxygen consumption as a function of time in several 
representative experiments at various temperatures is shown in the 
integral curves of Fig 1, where for each vessel the total oxygen con 
sumption m mm * per mg dry weight is plotted against time An 
inspection of the figure shows clearly that the time course of the reac- 
tion may be divided into two parts, a first portion, dunng which the 
rate is a function of time for about 25 hours, and a second, during 
which the rate is independent of time Similar results are obtained 
for carbon dioxide production That the change in rate during the 
imtial phase is not due to centrifuging, or to the use of fresh 
Knop’s solution, was proved by obtaining the same type of curve 
when cells in their growth medium were transferred directly to the 
respiroroeters 

A simple explanation for the decline in rate exhibited by the curves 
in Fig 1 postulates that two substances, A and B, are oxidized during 
the initial phase, but only B dunng the final This, of course, implies 
that the available supply of A is exhausted when the final rate is 
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exhibited The behavior of the respiratory quotient, determined for 
various times at any given temperature, also suggests this, since it 
declines steadily from approximately 0 95 at the initial rate to the 
vicinity of 0 65 for the entire period of the final Thus the ratio of 



HOURS 


Fig 1 Typical curves obtained when total oxygen consumed, in mm • per mg 
dry weight, is plotted against time Duplicate determinations arc graphed for 
each temperature, but only at higher temperatures are separate curves drawn for 
each The amount of substance A, in mm ’ of oxygen used by it, is given by the 
value of the intercept obtained when the final constant rate is projected to the 
y-axis at / = 0 

respired substrates, A fB, decreases in value during the entire initial 
phase, when we assume A to have a respiratory quotient of 1 and B 
of 0 65 This assumption will be justified later Table II gives the 
imtial and final values of the respiratory quotient for those tempera- 
tures at which we determined the carbon dioxide production It 
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appears that the initial and final values of the quotient are independent 
of temperature 

In addition to the hypothesis that two substances are oxidized dur- 
ing the normal respiration of Cldorclla, the curves of Fig 1 and the 
behavior of the respiratory quotient suggest that m the case of sub- 
stance A its own concentration is the factor limiting the rate of oxygen 
consumption, and we may be able to describe tbe rate of its oxidation 
by some simple differential equation If this equation be first order, 
the rate of oxygen consumption should be a hnear function of the 
amount of o^gen consumed until the value of the respiratory quotient 
becomes constant (s e , until the final rate is estabhshed) In this rve 


TABLE n 

Imltal and Final Values oj the Respiratory Quotient Jor Chlorella p^renoidosa at 
Various Temperatures 


Tenpeftture 


FioalLQ 

c 



0 6 

0 87 

0 65 ± 0 OS 

3 S 

0 98 

0 60 J;0 04 

13 4 

1 00 

0 70 

18 5 

0 94 

0 65 ± 0 05 

23 4* 

0 93 

0 70 


* Additional expenment made to determine this quotient 


assume that the concentration of A is inversely proportional to the 
amount of oxygen utilized 

In Figs 2 and 3 the first order equation has been tested graphically 
by plotting the rate of oxygen consumption in mm ’ per vessel per hour 
against mm • of oxygen consumed It will be observed that the curves 
at higher temperatures approximate a hnear function during the initial 
phase, but as the temperature decreases a pronounced deviation be 
comes apparent Presumably, some reaction not involving oxjgen 
modifies the amount of A available for respiration, and since its effect 
IS greater at lower temperatures, the value of the temperature coeffi 
aent for the modifying reaction must be less than that for the oxida- 
tion of A 

Another chain of reasoning strongly suggests the presence of this 
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due to the oxidation of substance S, are continued so as to intercept 
the y axis at zero time The value of this mtercept is the amount of 
oxygen consumed by A dunng the imtial phase, since the extrapolation 
automatically subtracts the amount of oxygen consumed by the oxida- 
tion of B dunng this penod The results are shown in Fig 4, where 



Fig 3 Rate of ox>gen consumption in mm* per vessel per hour, plotted 
against total mm * of oxvgen consumed, for Senes II Duplicate determinations 
are shown for all cxpenmental temperatures except 18 5*C Instead, at the 
latter the following are plotted against total ox>gen consumed carbon dioxide 
production (sohd squares) oxjgen consumption and carbon dioxide production 
due to the oxidation of substance A (dotted points) 

the amount of ^4, in terms of mm * of oxygen used by it per mg dry 
TV eight, is plotted as a function of the Centigrade temperature The 
solid circles are for Senes I, the open circles for Senes II The figure 
states that the total amount of ^4 is a function of temperature, which 
certainly cannot be so Again, therefore, we arc led to infer the 
existence of a reaction depleting the amount of A available for rcspira 
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tion, and since the process must have a low temperature coefficient, 
we suggest that it is of a simple, physical nature, such as diffusion 
Previously, we have stated that the two substances, A and B, 
apparently involved in the normal respiration of Chlorclla have respira- 
tory quotients of 1 00 and 0 65 respectively The evidence upon 
which this conclusion is based is derived from an analysis of the curves 



U. I L 

0 10 20 

t." C. 


Fig 4 Apparent initial amount of substance A, expressed in terms of total 
volume of oxygen consumed by its complete oxidation, plotted against the Centi- 
grade temperature Sobd circles indicate Series I, open ones Series II 

in Figs 2 and 3, where the rate of oxygen consumption is plotted 
against total oxygen consumed When the carbon dioxide data are 
treated hkewise, curves paralleling those for oxygen are obtained, this 
IS illustrated by the curves for 18 5°C of Senes II in Fig 3, where the 
cucles indicate oxygen and the squares carbon dioxide In either 
case, if we subtract the final rate from all rates which precede it, we 
obtain a curve dealing only with the oxidation of A This has been 
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done in the case of the data for 18 S°C , the resulting curve being 
indicated by a broken line, it will be observed that the same curve fits 
the corrected points for both oxjgen and carbon dioxide — in other 
words, that the respiratory quotient is 1 00 The nearly hnear rela 
tionship obtained in this case is due to the relatively high temperature, 
but the respiratory quotient is independent of temperature (see 
Table II) Since the respiratory quotient of B (0 65), determined 
from the final rates, likewise is independent of temperature, we con 
elude that two substances are used in respiration Though we cannot 
specifically identify them, the quotients imply that A must have the 
general formula, C,Hj Oi, and B must be some relatively oxygen poor 
substrate such as an alcohol or fat 

rv 

The fact that two substances may be involved in the normal, 
cyamde stabile respiration of Chloretta pyreiwtdosa raises two ques 
tions first, are one or more enzyme systems involved, and secondly, 
can their identity be distinguished from that of the glucose respiration 
complex by evidence other than that from experiments involving 
cyanide poisomng? To answer these we offer the results of our tem 
perature data 

Experimentally it has been found that the velocity constants of 
chermcal reactions in general vary with temperature in an ordcrlj 
manner Equation 2 states this relationship 

(2) Log k,/K, - ii/R (i/r, - l/r.) 

when 

Ki = veloatj constant at absolute temperature Ti 
its “ veloaty constant at absolute temperature, T 
J? — gas constant (I 98) 

H — constant having the dimensions of calories per degree and nhich has been 
designated vanously as the energy of acUvaUon of the substrate (Arrhcn 
lus) and energy of activation of the catalyst (Rice) 

Both of the above interpretations of agree in that each implies that 
the value of /a is speafic for any reaction complex and relatively inde 
pendent of temperature 

In particular, Crozier (1924—25) and Crozier and Stier (1924-25, 
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1926-27) have apphed this equation to a considerable array of biologi- 
cal data IE order to determine whether /a is a constant such as may be 
used to characterize a given physiological process To detenmne U, 
the natural loganthm of the rate is plotted against the reaprocal of 
the absolute temperature, and if a straight line may be drawn through 
the resulting points, the value of its slope is — p/J? On occasion 



Fig 6 Loganthm of final rate of or>gen consumption plotted against recipro- 
cal of absolute temperature The value of p is 5 600 calor es and is related to the 
oxidation of substance B Sohd circles for Senes I, open circles for Series 11 


it IS necessary to draw two straight hnes of different slopes for two 
temperature ranges through the experimental points It is of interest 
to detenmne the values of fi for the oxidation of A and U, and to 
compare these with the values obtained for the glucose respiration 
and for the respiration of other orgamsms 

In Fig 5 there are plotted the natural loganthms of the initial 
rate (rate of A plus 3) of oxygen consumption and the initial rate for rl 



204 


METABOLISM OF CBXORELLA H 


against the reciprocal of the absolute temperature The former has 
been plotted merely for purposes of companson, since its value of }i, 
depending upon the sum of two rates, is without theoretical sigmfi- 
cance Unless we wish to fit the data with a curved hne, the initial 
rate has two values of m, 3,800 above and about 15,500 below a critical 
temperature in the neighborhood of 11 5°C The imtial rate of oxy- ^ 
gen consumption by A gives ja values of 3,500 above and 19,500 below 
the cntical temperature Smce the respiratory quotient does not 
vary with temperature, the value of ja for carbon dioxide produc- 
tion will be identical The observations of Yabusoe (1924-25) when 
so plotted gives M the value of 9,500 from 10 to 30°C This is on 
the basis of determinations at but three different temperatures, how- 
ever, and was made on Chlorella vidgans instead of pyrenoidosa 


TABLE m 

Rate of Oxygen Comumphon by Chlorella with and mlhont Glueose 


Temperature 

Glucose 

Normal 

Normal 

Glucose 

'C 




3 5“ 

1 95 

1 5 

1 3 

IS S" 

8 9 

4 3 

2 0 


The ju plots for the final rates of oxygen consumption, which repre- 
sent the rate of oxidation of B, are given m Fig 6, where the sohd 
circles represent Series I and the open circles Senes II The value 
of /a, 5,600, IS constant over the entire temperature range, and apphes 
to carbon dioxide production as well, since the final respiratory quo- 
tient IS also mdependent of temperature 
As a check on premous experiments m which the glucose respiration 
of Chlorella was investigated, the rate of oxygen consumption m Knop’s 
solution contaming 1 per cent glucose was determined The results 
at two temperatures, 3 5° and 18 5°C , are given in Table III On the 
basis of these two points the value of n is 19,000 calones, which agrees 
with that pubhshed previously 

In Fig 7 the observed imtial and final rates of oxygen utihzation 
are plotted directly against the temperature It is of interest that, in 
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data with this degree of scatter, the rates appear to be hnearly related 
to the temperature 

V 

Table IV suimnanzes values of ju obtained for several metabohe 
processes in Chlorella pyrenotdosa, and mdicates that different processes 



Fig 7 The initial and final rates of Oj consumpUon nhen plotted against 
temperature Centigrade give a straight line Compare ■mth Figs 5 and 6 and 
see text 

Within the same orgamsm may be characterized by different iTilues of 
this constant The values of jj for the different types of respiration 
not only differ among themselves, but from that for photosjTi thesis as 
well Since the values for the respiration of A and B differ, we have 
further evidence favoring the idea that the normal respiration of 
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Chlorclla involves at least two different systems For the determina- 
tion of values of ji it is not wise to assume that the quantity measured 
is dependent upon a single reaction complex, unless an attempt has 
been made to check this assumption experimentally In the case of 
our experiments, this would have meant the acceptance of the value 
of jU detenmned on the basis of the imtial rate (A plus B), a value depen- 
dent upon the rates of two processes 
The value of p obtained for the respiration of A below the cntical 
temperature agrees with that for the glucose respiration (19,000), 


TABLE IV 

Vahics of fi Dcicrimncd for Mdabohc Processes j;; Chlorclla pyrenotdosa 


Process 

fi 

Critical 

tempera- 

ture 


Abo\e cntical 

Below critical 

•c 


temperature 

temperature 


Oxidation of A 

3,500 

19,500 

11 5 

Oxidation of B 

5,600 


Oxidation of A plus B (initial rate) 

3,800 

! 15,500 

11 5 


13,000 


Photosynthesis 




i,ooot 


Glucose oxidation 

(12,000) 

19,000 

(15) 

H.O.* decomposition by intact cells 

10,500 



* French (1934-35) 

t Unpublished data of W A Arnold and H I Kohn 


whereas above the cntical temperature, it does not (3,500) The 
19,000 t^lue has been obtained for yeast by Stier (1932-33) between 
3-15°C , and by Lineweaver, Burk, and Homer (1931-32) for Azoio- 
bacicr 

The A'alues of /x obtained for the oxidation of A above the critical 
temperatiue (3,500) and for the oxidation of B throughout the expen- 
mental temperature range (5,600) are the lowest yet recorded for a 
respiratory' process In part, this may be due to the fact that in 
temperature studies of respiration this process has not been sufficiently 
separated out from other concoxmtant processes 
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smaiARY 

The respiration of the green alga Chlorella pyrenotdosa, suspended 
in Knop’s solution, has been studied m the dark as a function of time 
and of temperature The rates of oxygen consumption and of carbon 
dioxide production (at constant temperature) decline for about 2s 
hours to a low, constant level From an analysis of the curves it is 
suggested that two substances, A and B, are utihzed, whose respiratory 
quotients are 1 and 0 65 respectively The values of the temperature 
characteristics were found to be for oxidahon of A , 19,500 (0 6 to 
11 5'’C ) and 3,500 (11 5 to 28°C), for oxidation of B, 5,600 (23 4 
to 0 6°C ) 

It IS a pleasure to thank Mr Wilham Arnold and Mr C P 
Wmsor for their advice and help 
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TEMPERATURE CHARACTERISTICS FOR THE METABO- 
LISM OF CHLORELLA 


III The Catalytic Decomposition op Hydrogen Peroxide by 
Chlorella pyrenoidosa 

Bv C S FRENCH 

(From the Laboratory of Geiteral Physiology^ Honard University, Cambridge^ 
(Accepted for pubiicaDon, Apnl 25, 1934) 

I 

As some suggested mechanisms for cellular respiration postulate 
the formation of hydrogen peroxide as a by product, the study of 
its decomposition by living cells is of some general interest It was 
suggested by Warburg and Uyesugi (1923-24) that the same enzyme 
system is responsible for both peroxide sphtting and the Blackman 
reaction of photosynthesis 

Yabusoe (1924-25) measured this reaction at different tempera- 
tures, using Chlorella vulgaris He gives a straight Ime relation be- 
tween rate and temperature Centigrade from 10 to 30°C , the 5° 
point being out of line with the others If his data are used to test 
the Arrhemus equation by plotting the loganthm of the rate against 
the reciprocal of the absolute temperature it fits equally well except 
that the 30° pomt is too low As disturbing effects of higher tem 
peratures often occur, it seems more sensible to present his data 
in this form The value of /i calculated from his points at 5°, 10°, 
and 20° is 17,500 A second expenment with points at 10° and 20°, 
honever, gives p = 12,000, the 30° points were disregarded in both 
sets for this calculation 

To compare ja for hydrogen peroxide splitting with that for other 
processes in Chlorella pyrenoidosa (Crazier, Tang, and French, 1934- 
35, French, Kohn, and Tang, 1934-35) it was deaded to make similar 
measurements on this species and to confine the work to temperatures 
below 20° 
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II 

A large bottle was sterilized and half filled with 4 liters of sterile 
Knop’s solution It was inoculated with 150 ml of Chlorclla sus- 
pension grown m flasks in the usual way (Crozier, Tang, and French, 
1934-35) The bottle was placed in the incubator used for the flasks, 
and in addition was illuminated from one side by a 500 watt projec- 
tion bulb focused evenly over the whole side Between the culture 
bottle and the light there was a heat screen of 4 7 cm dilute ferrous 
ammonium sulfate with a little sulfuric acid A stream of cold water 
through the incubator held the temperature at about 20° After 8 
days of growth with the usual mixture of 5 per cent CO2 m air bub- 
bled through, the culture was centrifuged and the cells were rinsed 
once with 35 ml. phosphate buffer of pH 6 72 and resuspended m 50 
ml of the buffer solution This suspension was kept on ice during 
the day and a half required for the experiment Each ml contained 
80 mm ^ of cells A solution of H2O2 was made up of Merck superoxol 
in the same buffer 

The reaction mixture consisted of 25 ml of the peroxide solution 
with which, after 15 minutes for thermal adaptation in separate 
flasks, was mixed 4 ml of the cell suspension, thus making a 0 0238 M 
H2O2 solution contaimng 11 mm ^ of cells per ml in m/15 phosphate 
buffer of pH 6 72 5 00 ml was pipetted for titration into a flask 

contaimng 100 ml water, 15 ml H2SO4 (1 2), and 5 ml 20 per cent 
KI Other samples were taken, at various time intervals, using the 
same pipette which had been washed and dried 

Immediately after the sample was pipetted into the titration mix- 
ture it was warmed for exactly 2 minutes on an electric hot plate, 
bringing it to 44°, then allowed to stand covered for 2 more minutes 
before the liberated iodine was titrated with Na2S203 solution Un- 
less the solution is treated in this way the reaction is not complete, 
and if allowed to stand too long there is danger of loss of iodine The 
first sample was not considered reliable due to gas bubbles in the mix- 
ture, so the imtial concentration of H2O2 was determined by titrating 
a 5 ml sample of H2O2 solution which had been mixed with 4 ml of 
buffer instead of with cell suspension Separate determinations gave 
15 66 and 15 73 ml thiosulfate to combine with the liberated iodine 
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m 

Expemnents were made at 0 6®, 4 4®, 10 9°, 15 2°, and 20 0° The 
time course of the reaction was followed at each temperature by taking 
samples at vanous mtervals 



Fig 1 The loganthms of the bjdrogen peroxide concentrations (expressed 
m ml of NaaSjOj equivalent to it) m suspensions of Chlorella cells are plotted 
against time for experiments at five temperatures The straight hnes represent 
the imtial slopes of the curves 

At the lowest temperature the data are accurately fitted by a first 
order velocity equation, from which, however, large deviations are 
found at higher temperatures This equation is useful in approxi 
mating the initial rates in which we arc interested Fig 1 show's the 
loganthm of the number of ml of 0 0151 n NajSaOi equivalent to the 
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liberated iodine plotted against tune, for the various temperatures 
Curves are drawn through the points and the slope of the curve at 
f = 0 IS taken as a measure of imtial velocity The destruction of the 
active enzyme during the reaction does not influence the imtial rates 
If the first order equation is obeyed the curve would be straight, since 
the first order equation 


K == 1// log 



may be written 


log (a — x) — log a — Kt 



Fig 2 The loganthms of the imtial rates of disappearance of added hydrogen 
peroxide in suspensions of ChlorcUa are plotted against reciprocal absolute tem- 
perature The hne corresponds to a value of it = 10,500 calones 

which is the equation of a straight Ime relation between log (a-x) and 
{, a IS the imtial H 2 O 2 concentration and {a-x) is the concentration at 
tune /, these are expressed directly in ml of thiosulfate The loga- 
nthms of the imtial rates of H 2 O 2 decomposition are plotted against 
reciprocal absolute temperature in Fig 2 They are fitted by a 
straight Ime with a slope of = 10,500 
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IV 

Since the results obtained at the higher temperatures fall off con- 
siderably from first order curves, ne may conclude that the substance 
responsible for the catalytic destruction of H 0 is decomposed during 
the reaction This is in accord with the usual kinetics of catalase 
(Wilhams, 1927-28, and Yamasaki, 1920) and indicates that we are 
deahng with an enzyme rather than with a stable surface action that 
might well be the cause of decomposition of H O 2 by mtact cells 
Sohngen and Smith (1924), however, find that for yeast cells the 
first order equation is followed at temperatures between 2S-S0°C 
It may be that in their case the action was due to the cell wall or 
other stable constituents of the protoplasm Their results give /t == 
12,200 from 25-30°, substantially m agreement with this determi- 
nation for Chlorella 

The value of y. here found, 10,500, is quite different from either the 
values 3500 or 19,000 found previously for respiration of Chlorella 
without added glucose and 19,000 for 0 consumption in 1 per cent 
glucose solution It is seen that %anous processes in the same organ 
ism need not necessarily behave the same way in relation to tempera 
ture The interesting possibility has been suggested by Crozier that 
this value of y might be changed by the presence of glucose or other 
substances m solution The effect of hght on the reaction is also 
unexplored 


SOMMARY 

The decomposition of hydrogen peroxide by intact Chlorella cells 
follows a first order course at very low temperatures, but at higher 
temperatures gives falhng first order constants Between 0 6° and 
20°C the value of y is 10,500 calones 
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NATURE OF THE ACTION CURRENT IN NITELLA 

I General Considerations 
By W J V OSTERHOUT 

(From the Laboratories of The Rockefeller Institute for Medical Research) 
(Accepted for publication, April 27, 1934) 

It has been suggested^ by Blinks and by the wnter that potassium* 
plays an important r3Ie m the action current of NtleUa Whether 
the outstanding features of the action curve can be explained in this 
way IS a matter of considerable mterest 

An expenmental basis for such an explanation is found m obscrva 
tions by Damon* who states that marked changes in pj) may be 
caused by the movement of potassium ions He found that m sea 
water Valonta showed an inwardly directed (negative) p d of 8 m\ < 

* Blinks L R , / Gen Physiol , 1929-30, 13, 495 Osterhout W J V , 
Harvey Lectures 1929-30 26 169, Bio/ Rcr, 1931, 6, 369, Efgehn Ph'^siol 
1933, 36, 967 

* What IS said in this paper regarding potassium appbes m lesser degree to 
the other cations present but their cBect js rehUvt}} small The special rWe 
of R'*’ mav be due to its high raobihty The mobihty of H'*' is probablj high but 
It has httle eflfect owmg to its low concentration Cf Osterhout, W J V , / Gen 
Physiol , 1929-30 13, 715 Organic ions in W ma> play a part in producing the 
resting potential which m some cases is too large to be accounted for bj R+ 
alone Such an effect is possible on account of the difference between A and I 
(see Osterhout W J V , Prgebn Physiol , 1933, 36, 1013) 

* These experiments were made on Valonta macrophysa, Ktltx Cf Damon, 
E B J Gen Physiol 1929-30 13, 207 1931-32 16, 525 (m which papers 

positive potential denotes what is called negative in the present article where 
a potential is regarded as negative when the positive current tends to flow from 
the external solution across the protopbsm to the sap and in the exlcmaJ arcuit 
from the capillar) to the external solution) 

A vanet) of curves was obtained the graph shown m Fig I was selected as 
showing clcarl) certain features of importance m the present discussion 

* It is not necessar) to discuss this in detail but the following points ma> be 
of interest The sap contams about 0 5 m KCl which might be expected to give 
an outwardly directed potential, but there are probably substances in the aqueous 
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but in artificial sap, containing 0 5 m KCl, this rose^ to 60 mv., after 
which It fell off 

This falling off (shown by the rise of the curve in Fig 1) may be 
interpreted as the effect of the entrance of K+, penetratmg as a more 
or less well defined moving boundary ® In Fig 1 the symbol K is 
employed to denote K+ penetratmg from without (as the changes in 
p D are wholly due to the K+ which penetrates from without the K+ 
present in the cell at the start is not represented) 

As m previous papers'^ it is assumed that the protoplasm consists 
of three layers the outer surface X and the inner surface Y (both 
non-aqueous) between which is an aqueous layer W In Valonia the 
concentration of potassium in all of these layers® is probably low at 
the start 

When potassium is applied to the outer surface of Valoma (Diagram 
A of Fig 1) it raises the negative potential to 60 mv but after it has 
entered and attained the same concentration inside X as outside 
(Diagram B) this effect disappears so that the pd returns to the 
neighborhood of 8 mv ® Presumably the potassium when it reaches 

layer (PF) of the protoplasm which set up different p d ’ s with X and F, as the 
result of which the total p d is 8 mv negative It has been shown that X and F 
differTn several respects (c/ Osterhout, W J V , Ergebn Physiol , 1933, 36, 1013) 

6 Cf Damon, E B , / Gen Physiol , 1932-33, 16, 375 
® Regarding moving boundaries see Macinnes, D A , and Longsworth, L G , 
Chem Rev , 1932, 11, 171 The fact that very httle dissociation may occur m the 
non-aqueous surface layers X and F makes no essential difference in this slow 
process (as ions pass out of F more will be formed by dissociation of the molecules 
present in F) CJ Osterhout, W J V , Ergebn Physiol , 1933, 36, 1009 
’C/ Osterhout, W J V, / Gen Physiol, 1927-28, 11, 83, Bull Nal Re- 
search Council, No 69, 1929, 170, Ergebn Physiol , 1933, 36, 1013 

®The fact that potassium accumulates m the vacuole, reachmg a concen- 
tration of 0 5 M, does not mean that it accumulates in the protoplasm, which may 
conceivably have as low a concentration as the sea water, i e about 0 012 m 
T his would be expected if its pH were as high as that of the sea water (cf Oster- 
hout, W J V , Ergebn Physiol , 1933, 36, 982) 

® The values given in this paper are obtamed by assuming that the potentials 
at the liquid junctions of the two calomel electrodes saturated with KCl are 
approximately equal and hence so nearly cancel out that they may be neglected 
This IS the assumption commonly met with m the hterature but the basis on 
which it IS made may be questionable It may be noted that on the basis of 
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Y (Diagram C) sets up a negative potential which is partially lost 
when it reaches the inside of ¥ (Diagram D) Discussion of the 
subsequent fall of the curve is omitted smce it seems to have no bear- 
ing on the fall of the action curve of Nttella 
Let us now consider the action current of NticUa (Fig 2) as its 
movements, and g, resemble those m Fig 1 we may inquire 
whether they can be due to movements of K+ If so K*^ must move 
outward‘s from the sap (where its concentration is relatively high**) 
toward the external solution (where its concentration is low**) and 
such movement should be brought about by applying an electnc cur- 
rent carrying K+ outward but not by one in the opposite direction 
This agrees iMth the facts (According to the local aremt theory 
stimulation occurs only as the result of an outgoing current*^ and the 
stimulus is propagated along the cell by a senes of changes which set 
up such a current at each spot m turn ) 

The p D at the start is presumably due chiefly to K+ m the sap, 


this assumption v,e arrive at measurements of the membrane potential in the 
Donnan equilibrium r-hich agree closeb with the calculated values These cal 
dilations for dilute solutions where the activity coelBaent is approximatel> unit> 
must be approximate!) correct 

It may seem surpnsmg that 0 5 st diffusing inward should raise the con 
centration of K"*" just inside Y where it is alread> 0 5 m, but m reality it is to 
be expected smce experunents have shown that raising the external concentration 
of potassium causes the mtemal concentration to mcrease (c/ Jacques A G , 
and Osterhout, W J V , / Gen Physiol , 1931-32, 16, 537) It is probable that 
the concentration of K-*- is always higher just inside Y than just outside {cj 
footnote 8) 

** Hence the movement is m the negative direction instead of m the positive 
direction, as m Fig 1 In case part of the resting p n is due to orgamc ions m 
TV these must also move or alter their charges m order to reduce the p d to zero 
**The sap contains about 0 05 ii KCl and about 0 05 it NaCl, together with 
other substances 

** In the experiments where action currents occur the concentration of 
m the external solution is usually 0 001 m or less 

** Stimulation maj occur when an ingoing current is broken but in this case 
an outgoing current, which occurs immediate!) after the break (due to pohnza 
tion) is believed to be responsible (regardmg polarization see Bbnks L R-, 
/ Gen Physiol 1929-30 13, 495) 
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Fig 1 Shows changes m the pd of Valonia The broken line shows the 
negati-vePD found in sea water (symbol o) and its mcrease when potassium is 
apphed to the estenor The imbroken line shows subsequent changes supposedly 
due to the penetration of potassium Observations made after the apphcation 
of potassium are denoted by the s)Tnbol X 

In the diagrams the sjunbol K denotes the penetratmg potassium (reduction 
in concentration is shown by reduction m the number of symbols, i e , KK means 
a lower concentration than KKK) Each stage of its progress is marked by a 
change m P D for example, m Diagram A the observed p d is supposedly due 
to the relatively high concentration of potassium at the outer surface of X, m 
Diagram B ve see that potassium has reached the mner surface of X and in 
consequence most of the p d has disappeared 
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Fig 2 The unbroken line shows changes m p d during the action current in 
Nxtdla supposedl> due to the outward movement of potassium The broken 
line shows the p d m the resting state, before the outward movement of potas 
Slum begins 

In the diagrams the symbol K denotes the outwardly moving potassium (rcduc 
tion in concentration is shown by reduction in the number of sjmbols) Each 
stage of Its progress is marked by a change in pj) for example, in Diagram A the 
observed pd is due to the rektivelj high concentration of potassium at the 
mner surface of Y, m Diagram B wc see that potassium has reached the outer 
surface of Y and m consequence the P n has disappeared 
The duration of the action current is usually about 15 seconds. 
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causing an outwardly directed (positive) potential at V The 
supposed movement of potassium is illustrated by Fig 2 where the 
symbol K is used to denote K+ which is present in the sap at the start 
and which moves outward dunng the negative vanation (as previous 
experiments indicate that the concentration of K+ m the protoplasm 
at the start is usually small it will be regarded as negligible) 

It seems probable that the outward movement of K+ is facilitated 
by an increase in the permeability of F since othenvise it would be 
more gradual In order to bring about an abrupt loss'^ of P d 
(F ig 2) by the movement of K+ alone K+ would have to advance in 

’•'This might possibly be questioned m view of the fact that in Uabcyslis 
and m Valonta Y does not appear to give much potential with This is 
shown in Ualtcyshs by perfusion experiments in which K+ is introduced into the 
vacuole (c/ Bhnks, L R , / Gen Physiol , 1934-35, 18, in press) and is rendered 
questionable in Valoma by the fact that in spite of the presence of 0 5 M KCl in the 
vacuole the potential across the protoplasm is inwardly directed (negative) 
But in Valonta there may be a high positive potential at Y due to K+ which is 
compensated by potentials due to organic substances in W (cj Osterhout, W 
J V , Ergchn Physiol , 1933, 36, 1014) and producing unlike effects on X and Y 
In Ntlclla the situation is quite different Here X and F are much more alike 
This IS shown by the fact that when sap is apphed to the outside of the cell, 
giving the chain 

sap protoplasm sap 

x\w\y 

we obtain IS mv or less whereas in Eahcyslis we get 50 mv and in Valoma 65 mv 
(Osterhout, W J V , Ergchn Physiol , 1933, 36, 1014) If X and F are not 
very dissimilar we must conclude that F gives a high potential with K+ smee we 
know this to be the case with X 

As, for example, in Valoma (cf Fig 1 where the tunes are much greater than 
in Fig 2) 

In Nilella the o movement appears as a rule to consist essentially of a loss 
of the p D across the protoplasm but as will be shown in a later paper it depends 
to some extent on other factors It may be noted that in nerve, according to 
Gasser (Gasser, H S , Am J Physiol , 1931, 97, 254, Cold Spring Harbor sjmi- 
posia on quantitative biology. Cold Spnng Harbor, Long Island Biological Asso- 
ciation, 1933, 1, 138) temperature has more effect on the negative variation than 
on the resting p n , which suggests that the former mvolves something more than 
a mere loss of the latter Bishop finds that certain anesthetics abohsh irritabil- 
itv without producing much effect on the resting potential (Bishop, G H , / 
Cell and Comp Physiol , 1932, 1, 177) 
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the form of a sharply defined moving boundary with a concentration 
of K+ equal to that m the sap so that as soon as it emerged into IF 
the concentration of K+ would become the same on both sides of Y 
This seems improbable smce ¥ appears to be non aqueous,’* with a 
low dielectric constant and hence not permittmg much dissociation 
Consequently the concentration of K+ must be much low er in ¥ than 
in the sap and the front of the moving boundary must have a corre 
spondmgly low concentration unless an mcrease occurs m the per- 
meability of ¥ to K'*' 

An increase m permeability is assumed by most wnters m dis- 
cussmg action currents Such an mcrease might occur if during the 
outward flow of current ¥ suffered a breakdown or rupture” or such 
a change m composition as to admit K+ at the concentration found m 
the sap’° Breakdown or rupture could doubtless be brought about 
by the electncal gradients present m the cell which might conceivably 
amount to more than 20,000 volts per millimeter ” A change m 
composition might occur if the current earned substances from the sap 
into ¥ ° 

Such changes might make it possible for IC+ to travel outward in the 
form of a moving boundary, having a concentration of K.+ which is 
not verj different from that m the sap We should therefore expect 
the 0 movement to be sudden** and if the alteration of ¥ consisted of 

’* Osterhout, W J V , Ergebit Physiol 1933, 36, 1009 
A rupture appears to occur m the case of mechanical stunulation (c/ Oster 
hout W J V and Hill S E , / Gen Physiol , 1930-31, Id, 473) and in the 
case of stimulation by cold (Hill, S E / Cen Physiol , 1934-35, 18, in press) 

* This would involve a rise m the dielectric constant 

’’The PD across the protoplasm of Nitella (m contact with pond water) is 
100 to 300 rav and T ma\ be onlj a few molecules thick if it were 0 01 of a 
micron in thickness the drop might be 20,000 volts per mm 

** A substance is supposcdl> earned from the sap mto \ when the potassium 
effect IS restored by an action current {cj Osterhout W J V , and Hill S E , 
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breakdown or of rupture there could be a sudden loss of p r> even 
before much movement of K+ had taken place 
Should the increase in permeability fail to occur we should expect a 
failure of stimulation, such as is found, for example, in cells leached 
in distilled water until they have lost their irritability Here the 
p D across the protoplasm is not less than normal^ so that when an 
outgoing electrical current is imposed from an external source we 
should expect stimulation unless the increase in permeability were 
prevented by an unusual condition of the non-aqueous layers^ due to 
the treatment Such cells are found out of doors at certain seasons 
Let us now consider the next movement {p, Fig 2) which is sup- 
posed to result from the fact that outwardly moving K+ comes m con- 
tact with X and sets up an outwardly directed (positive) p d similar 
to that found at F in the resting condition of the cell Since little or 
no potential remains at the end of the o movement K+ is no longer 
earned outward by an electrical current but moves by diffusion aided 
by the continual agitation of W which results from the vigorous mo- 
tion of protoplasm and sap which is charactenstic of these cells 
Hence the p movement is slower than the o movement, sometimes very 
much so 

As K+ continues its outward movement and reaches the outer side 
of X it will cause the p d to fall off again (§', Fig 2) As X is presum- 
ably a non-aqueous layer, the amount of K+ passing through it will 
be correspondmgly small and as a result we may expect the g move- 
ment to be relatively slow, especially as the moving boundary will 
tend to lose sharpness in W owmg to agitation by protoplasmic move- 
ment This agrees with observation 

Cf Osterhout, W J V , and Hill, S E , / Goi Phystol , 1933-34, 17, 87 
This situation recalls that in a nerve treated with cocaine 
-®The treatment with distilled water removes the potassium effect from X 
but not from Y for the outwardly directed potential of the resting state is pre- 
sumably due chiefly to the effect of K"*" on F and this remains after treatment 
^\lth distilled water But it removes from F the abihty to undergo an increase 
of permeability due to an outgoing current 

According to Franfois-FrancL and Auger (Frangois-Franck, L , and Auger, 

D , Ann physiol ct physicochtm hiol , 1933, 9, 983) the protoplasnuc motion 
slovs doiMi within 2 seconds after the passage of a negative vanation Similar 
observations vere made by Hormann (Hermann, G , Studien uber die Proto- 
plasmastromung bei den Characeen, Jena, Gustav Fischer, 1898) 
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When K+ has reached the outside of \ wc should expect the cell to 
behave somewhat like a resting cell to which KCl is applied extemall\ 
This IS the case according to Blinks * who states that polarization to 
either an ingoing or an outgoing current now falls off on stimulation 
just as when the cell is placed in contact with 0 1 m; KCI ® 

The final fall of the curve (r, Tig 2) ma> be regarded as a process 
of reco\ery®® by which the potassium is gradually moved back into 
the sap as the result of (1) the ingoing clcctnc current which occurs 
during recovery according to the local circuit theor>,®‘ and (2) the 
forces which (even in the absence of current) cause potassium to 
move into the cell and accumulate there The speed of reco\ eiy falls 
off in such fashion as to indicate that it is pnmanl> a process of 
diffusion 

According to this hypothesis the double peak of the action cur\ e is 
due to the presence of two protoplasmic surfaces \ and I both of 
which gi\ e a relatively high potential with potassium It follows that 
if \ were insensitive to the action of potassium we should get only a 
single peak This is apparently the case with Chara The expen 
ments of Blinks” show that in Chara the outer surface is not more 

* Blinks L R y Cen Ph\swl 1929-30 13, 495 Blinks finds thit an 
ingoing electric current (passing from the external solution to the sap) produces 
no polarization svhen 0 1 m KCI is applied e\temall\ This might be explained 
b\ sa\ang that the protoplasmic surface is \er> permeable to (and for the 
same reason no polarization is produced b\ an outgoing current which carries K'*’ 
outward from the x'acuolc) But there are limits to this since Blinks finds that 
a \er\ large ingoing current does produce considerable polarization when 0 1 ii 
KCI IS applied extemall> This is formalK analogous to the polarization of a 
non polarizable electrode when the current exceeds a certain xailue although 
the mechanism differs 

® There is other evidence that changes m the properties of the protoplasm 
can be produced in ^itclla h\ potassium Hober (Hober R I hxsikalischc 
Chemic der Zellc und dcr Gewebe Leipsic Wilhelm I ngclmann 6th edition, 
1926 641 785) has suggested this for nerve and muscle 

This is not comparable to the fall of the I alomn curve (tig 1) which does 
not seem to be attributable to recoverv 

6/ Oittrhout W J \ llarviv I tctiircs 1929-00 2G 169 Biol Ac" 1931 
C, 369 

^ The s[>ecies uscal was C//ur<7 coremi/j; Ziz 

“Blinks L R Proc i>oc K.t/» Bui ,nui Mcil 19S2 ?? 30 Tafi 
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sensitive to potassium than to sodium In Chara the action current 
has only one peak (Fig 3), as would be expected 
This explanation of the action curve seems to be useful as a working 
hypothesis since it accounts not only for norma] behavior but also for 
the chief deviations, some of which will be discussed in subsequent 
papers But we cannot decide about its correctness without further 
facts One objection to it has been discussed by Blinks^® This is 
that recovery can occur while an outgoing electric current is being 

Neg 


Zero 


Pos 


50 mv. 


Fig 3 Photographic record showing the action cun^e of Chara corona/u, Ziz 
The curve has a single peak which ma\ be due to the fact that only the inner 
protoplasmic surface gives a large electrical effect with potassium (with the outer 
surface potassium acts much like sodium) The right end of the cell was killed 
vith CHCI3 The spot at which the action current was recorded w'as in contact 
with 0 001 M KCl On stimulation the p d dropped to zero Vertical lines are 
5 seconds apart Temperature 24°C 

applied from an external source It is possible that this may be due 
to changes in permeability Although at first the outward current 
appears to make V more permeable to K+ it would not be surprising 
if, as the current continued to flow, this effect should diminish as the 

In A 2 (clla 0 01 m KCl gnes about 80 mv against 0 01 m NaCl (the KCl being 
negatne), but in Chara the value is ver\ small 
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result of the movement of substances’* or of changes m hydrogen ion 
concentration (as m the eiipenments of Bethe and Toropoff”) or of 
other alterations in metabolism If, as a result, the permeabihty of 
Y to K+ should dimimsh somewhat” while the current is flowing out- 
ward the concentration of K+ would mcrease just inside Y and dmun 
ish just outside Y This would produce an outwardly directed (posi 
tive) potential which would increase until equal to that in the restmg 
state, thus produemg recovery It might go further and produce a 
greater positive potential, resemblmg the “after potential” found in 
nerve ” 

IWth such a flow of current from an external source or with an ac 
tion current "after potential” (which seldom occurs in NttcUa) might 
anse in several ways, eg (1) as the result of a temporary mcrease in 
the concentrapon of K+ just inside F due to a change m permeabihty, 
as just menPoned, (2) as the result of a temporary increase m pH value 
in IF or just outside X which would increase the gradient of KOH 
across Y and cause potassium to move inward more rapidly and reach 
a higher concentrapon just inside Y than usual ” That this might 
happen is mdicated by the experiments of Bethe" and of Blinks “ 
(3) The movement of orgamc capons into W as the result of the aePon 
current These might increase the posiPve potenPal by havmg differ- 
ent effects on Y and X Such substances are apparently responsible 
for some of the positive pji m Ntlella and for a good deal of the posi 
Pvc p D m Habeystis ” Such substances might not persist long in 

” Such a movement appears to change A when an action current restores the 
potassium effect accordmg to Osterhout and Hill unpublished results 
” Bethe, A , and Toropoff, T Z phys Chem , 1914 88, 686, 1915, 89, 597 
’^This change need not be sufEaent to affect the flow of current greatli 
’’Gasser H S,Am J P/iynaf , 1931, 97, 254, Cold Spring Harbor sjunposia 
on quantitative biology. Cold Spnng Harbor, Long Island Biological Association, 
1933, 1, 138 

” Osterhout, W J \ , Ergebn P/iystoI , 1933 35,982 This would apply to 
growing cells and to those which have ceased to grow (unpublished results) 
See also Jacques, A G , and Osterhout, W J V , / Gen PAyjia/ , 1933-34 17, 
727 

"Bethe, A., Arch ges Physiol ^ 1916 163, 147 
"BlinU,L R.,/ Gen Physio! , 1933-34, 17, 109 
“ Blinks, L R.,y Gen Physio! 1932-33 16 147 
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W since they would tend to pass out by diffusion or to be used up in 
metabobsm (4) There may be a temporary increase in the mobihty 
of K+ or Na+ due to changes in the composition of F produced by the 
action current 

When the current is interrupted before recovery is complete the 
process of restormg the positive potential of the resting state will 
contmue because potassium^^ will be moved into the sap from W by 
the forces which normally produce this movement in the resting state 
of such cells as Ntiella and Valoma This will be aided by the in- 
going current which accordmg to the local circuit theory occurs dur- 
mg recovery 

An objection to the idea that the action curve is due to the outward 
movement of cations is voiced by Gasser^® on the ground that a sub- 
threshold current which would carry ions outward fails to produce an 
action current It seems to the writer that this might be due to two 
causes (1) potassium tends to move inward in the resting state’® and 
the forces causing this must be overcome^® before K+ can travel out- 
ward, (2) there must be sufficient outgomg current to produce the 
necessary increase in permeability 

Blmks” suggests that the action current in Nttella may be accounted 
for by changes of hydrogen ion concentration This view (which is 
in harmony with the ideas of Bethe*®) is supported by very interest- 
ing experiments on Hahcyshs It seems possible that other chemi- 

^’In this process potassium presumably moves chiefly in molecular form 
through F Cf Osterhout, W J V , Ergebn Physiol , 1933, 35, 994, 1003 
This will be aided by the return of the normal mobihty of K+ in F and con- 
sequently of a higher outward diffusion potential 

This will depend somewhat on the position of the spot If the action cur- 
rent proceeds from left to nght a spot at the extreme right end of the cell will 
not receive much ingomg current of this sort 

An example of this is seen m certain models {cf Blinks, L R , / Gen Physiol , 
1930-31, 14, 127, also footnote 39) Even in cells in which potassium no longer 
moves in the resting state but has reached an approximate equihbrium (as might 
happen in cells which were not growing) energy will be required to upset this 
equihbrium and cause K+ to move outward 

This IS evidently not produced b\ an mgomg current (perhaps because a 
substance must be earned from the sap mto the protoplasm) nor by a current 
which mcreases very slowly 
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cal changes may be important They may, for example, modify the 
protoplasnuc surface and make it insensitive to potassium (as m ex 
penments in which the surface is leached") , the changes produced in 
nerve by lack of oxygen*’ may be recalled in tbis connection 
Further discussion of theories, particularly of those not dealing 
directly with Ntlella, seems unnecessary The hypothesis proposed 
in the present paper has some interest since it explains the form of 
the action curve m Ntldla much more completely than other hypotheses 
(further evidence of this will appear in subsequent papers) Its as 
sumptions are m Ime with the local aremt theory which postulates an 
outward flow of current and consequently an outward movement of 
cations at the pomt of stimulation the hypothesis here outlined 
ascribes chief importance to the movement of K+ whose effect on 
Nitdla IS much greater than that of other cations 

StrUMARY 

The outstanding features of the action curve in Nttdla are explained 
as due to the movement of potassium ions accompanied by increase 
of permeability This may be useful as a working hypothesis since 
It accounts not only for the normal behavior but also for many strik- 
ing deviations which will be treated m subsequent papers 
The views here set forth are m harmony with the local circmt 
theory of stimulation 

*’Osterhout W J V.andHiU S E J Gen fAym-; , 1933-34, 17, 87 99 105 
*’ Hill A V , Chemical wa\Ti transmission in nerve New York The Mac 
millan Co , 1932 Cowan S L Proc Roy Soc Lofjdojt, Senes B 1934, 116, 216 




THE KINETICS OF PENETRATION 
IX Models op Matdse Cells 
B v S E KAMERLING and W J V OSTERHODT 
{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Accepted for pubbcation Ma} 4,1934} 

Models have been constructed* which in certain respects resemble 
living cells In such models potassium salts pass from an aqueous 
solution A through a non aqueous layer B mto the artifiaal sap C 
where they react with COj to form KHCOj Potassium reaches a 
much higher concentration in C than in A in consequence water en 
ters C Eventually a steady state is reached in which water and elec 
trolyte enter m a constant ratio and the volume of C increases rvhile 
its composition remains approximately constant This seems to be 
analogous to what happens in actively growmg cells 

Can we also mutate mature cells m which growth has ceased? This 
involves some interesting problems In so far as the cessation of 
growth IS due to a decrease m metabohsm it would seem possible to 
imitate it m the model by decreasing the amount of COi in the arti 
fiaal sap (in C) 

To test this we set up a model in which B consisted of 70 per cent of 
guaiacol plus 30 per cent p cresol (called G C mixture) By shaking 
G C mixture with 0 OS ii KOH we obtained orgamc potassium salts 
called collectively KG* this solution flowed through A (dunng the 
entire experiment), keeping its composition approximately constant ’ 
A and B were stirred mechamcally 

In previous experiments, where C consisted at the start of distilled 

*Osterhout, W J V andStanle>,W M J Gen , 1931-32, 16, 667 

Osterhout W J V , and Kamerling, S E , / Gen Physiol , 1933-34 17, 507 
Osterhout, W J V Kamerbng S E and Stanle> W M , J Gen Physiol 
1933-34, 17, 445, 469 

*Some of the KG was con\erted to KHCO, see Osterhout W J V, and 
Stanlej W M J Gen Physiol 1931-32 16, 667 
229 
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water through which CO 2 was bubbled, it was found that the con- 
centration of KHCO3 in C increased to about 0 63 m In the present 
experiment 0 49 m KHCO3 was placed in C at the start to save time 
and the accumulation of potassium proceeded from that point Pure 
CO2 was bubbled through C at the start this procedure was changed 
later as described in subsequent pages 

Model was used (Experiment 129) B consisted of 1100 cc G C mixture 
C contained at the start 68 cc The CO 2 was passed through a solution of approxi- 
mately the same osmotic pressure as that m C so as not to add or subtract much 
water from C When it was desired to reduce the percentage of CO 2 mtrogen 
was added to it and the bubbhng was continued at the usual rate 

The concentration of potassium in C rose steadily until it became 
about 0 63 M where it remained approximately stationary although 
the volume continued to increase This is due to the fact that po- 
tassium and water enter in a jfixed ratio 

The CO 2 supply was tlien decreased (at 480 hours, as shown in Fig 
1) to about one-fourth ® this caused the concentration of potassium 
to fall off, but it subsequently rose again Air was then substituted 
for CO 2 and the concentration of potassium fell abruptly This was 
due in part to the entrance of water (as shown by the volume curve) 
and m part to tlie exit of potassium (as shown by the curve of milli- 
moles) Potassium probably passed out"* as KG, KOH, and KTICOa 

Beginning at 2282 hours, 1 7 per cent of CO 2 (by volume) was 
bubbled through C The concentration of potassium began to in- 
crease and the increase became more rapid when 5 per cent CO 2 was 
used On changing to 1 per cent (followed by 0 8 and 0 5 per cent 
CO 2 ) the concentration of potassium fell off (but the volume continued 
to increase) 

These results show that the increase in volume of the artificial sap 
depends on the supply of CO 2 and it seems probable that this is also 
true of the living cell 

* This was done by mixmg nitrogen with the CO 2 and bubbling at the same 
rale as before 

■* Since the partition coefficient of KHCO 2 is very small as compared with that 
of KG its concentration gradient in B and rate of movement m S is doubtless 
correspondingly low 
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centration of potassium in C falls off Eventually A and C will be 
come identical since all the substances present can move through B 

In previous expenments with models a steady state was achieved in 
which the composition of C remained constant while its volume in- 
creased This would correspond to the condition of an actively grow- 
ing cell 

In the present case both the composition and the volume of C were 
kept approximately constant m the final phase of the experiment 
The concentration of potassium was considerably higher than m A 
This would correspond to the condition of a cell which had ceased to 
grow 

Under these conditions the entrance of potassium is equal to its 
exit The entrance of potassium will conbnue as long as the external 
activity product [K] [G] is greater outside than inside The relation 
of this product m C to that in A depends chiefly on the following 

1 On entenng C, KG reacts with HsCOj to form KHCOj and HG 
(guaiacol) Hence the more rapidly CO is bubbled through C the 
lower the product [K] [G] and the greater the rate of entrance of potas 
Slum (since its concentration gradient m B will be larger*) 

2 The movement of KHCOi from C to i4 

3 The formation of KHCOj in C raises the osmotic pressure, caus 
ing water to enter and lowering the concentration of potassium This 
can be controlled by adding to A substances which enter slowly (or not 
at all) by which the entrance of water is checked Hence the con 
centration of potassium in C can be raised by adding such substances 
to A ’ 

In the hvmg cell the entrance of water can be hindered by mccham 
cal restraint such as the cell wall of plant cells or by the pressure of 
surrounding tissues It can also be brought about by the presence in 
the external solution of a substance which penetrates slowly (or not 
at all), in Valonia the NaCl of the sea water acts in this way 

In addition to these factors there are doubtless others, for example, 
m mature cells the protoplasm may become less permeable to certain 

'Osterhout.W J V J Ceti PAiStol 1932-33 IB, 529 Oslerhout, W J V, 
Kamerliag S E , and Stanlei W AI , J Gen PAysiol 1933-34 17, 445 

*This statement relates to substances which do not greatl> lower the value 
of the product 1K][G] for example, it would not appli to the addition of HCl 
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electrolytes or to water Certain erythrocytes which are said to be 
unpermeable to potassium must have taken it up m their earlier 
stages of development 


SUMMARY 

To mutate cells which have ceased to grow we have made models m 
which artifiaal sap is separated from the external solution by a non- 
aqueous layer (representmg the protoplasm) A stream of CO2 is 
bubbled through the artifiaal sap to imitate its production by the 
hvmg cell 

Potassium passes from the external solution through the non-aque- 
ous layer mto the artifiaal sap and there reacts with CO2 to form 
KHCO3 its rate of entrance depends on the supply of CO2 Hence 
the mcrease of volume depends on the supply of CO2 (as is probably 
true of the livmg cell) 

By regulatmg the supply of CO2 and the osmotic pressure we are 
able to keep the volume and composition of the artifiaal sap approxi- 
mately constant while maintammg a higher concentration of potas- 
sium than in the external solution In these respects the model re- 
sembles certam mature cells which have ceased to grow 



THE ACCUMULATION OF ELECTROLYTES 

Vn Organic Electrolvtes 
Part 1 

ByA G JACQUES 

{From ike Laloraiortes of The Rockefeller Institute for Medical Research) 
(Accepted for publication, May 2, 1934) 

It has been suggested that potassium may enter Valoma chiefly 
as KOH which reacts with an orgamc aad HA in the sap to form KA , 
after which A is exchanged for chlonde so that potassium accumulates 
as KCl This is not contradicted by any known facts and it is sup 
ported by a vanety of evidence, inasmuch as this has recently been 
discussed* it need not be ated here Other cations may act similarly 
in this and in other cells 

This means that the entrance of cations is accompanied by the 
formation of orgamc salts whose presence could be demonstrated if 
they existed in suffiaent quantity For this reason it seemed de 
sirable to examme the sap of certam plants in which considerable 
amounts of orgamc aad could be expected 

The plants studied were Rheum rhaponticum, L (the rhubarb used 
as a vegetable), Rumex acelosella, L (field or sheep sorrel), and Oxalts 
cormctilala, L (wood sorrel) mixed with a small amount of Oxalts 
filtpes. Small 

A complete analysis of the plant sap for all ions, including the or- 
ganic amons, is unfortunately not possible at the present time since 
to deal quantitatively with complex mixtures of orgamc amons a very 
large amount’ of material must be available But the analyses here 
given throw some hght on the question at issue 

■ Osterhout, W J V , Ergehi Physiol , 1933 36, 967 Jacques A. G , and 
Oslerhout, W J V,/ Gen PAynaf , 1933-34 17,727 

’For reasons which will he discussed in Part 2 we confined oar in\csUgation 
to leasxs these were avaflable onlj m bmited amounts 
23S 
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Experiimntal Procedw e 

After collection the plants Mere kept in a moist cool place Onl}^ the thinner 
parts of the leaves were used for the extraction of sap the leaf petioles were 
rejected, and m the case of RJiciim the thick midvein of the leaf also Just before 
use the leaves were rinsed first m tap and then in distilled water and were dned 
between sheets of filter paper They were then killed bj- dipping for a few seconds 
m ether accordmg to the method of Chibnall,® and, after the removal of excess 
ether by evaporation, transferred to a screw press (tmcture press) in which the 
sap was expressed In all cases moderately cloudy saps, orange to reddish m 
color and nearly free of chlorophyll, were obtamed Immediately after expression 
the sap was treated with an equal quantitj' of alcohol shghtly aadified with 
acetic aad (or in two cases strongl3f acidified b}' the solution of drj" HCl gas) 
A small portion of untreated sap was retamed m each case for the determination 
of acidity, pH, and, where HCl-alcohol was used, for chlonde ion 

In the treated saps after 24 hours m the ice box a heavj’^ grej’-white preapitate 
had formed This was removed bj’^ centnfugahzmg at 4000 r p M. for 20 to 30 
mmutes The decanted sap was perfectly dear, but still highly colored Micro- 
scopically the precipitate was found to consist of a small amount of fibrous ma- 
tenal, a great deal of poorly cry'stalhzed matenal, probably orgamc, and, except 
where the strongly acidified alcohol was used, a few well defined cry's tals These 
might have been calcium or magnesium oxalate or phosphate Analyses were 
then made accordmg to the following procedures 

Phosphate — This was determined bv the ammomum phosphomoly bdate method 
of Wo}',* the precipitate bemg subsequently purified accordmg to the recom- 
mendations of Treadwell ® The sample was first dned on the water bath to 
remove alcohol, then treated several times with concentrated nitnc acid to destroy 
orgamc matter After removal of the excess aad by' evaporation just to dryness, 
the residue was taken up m water, and the preapitation was earned out m the 
presenbed manner 

Caktum and Magnesium — Calcium and magnesium were found to be present 
m the two cases where the sap was treated with the HCI-alcohol mixture 
Prehmmaiy experiments mdicated that when the sap was made alkalme with 
ammonia a flocculent precipitate of organic matter was thrown out Accord- 
mglv it was considered advisable to get nd of orgamc matter first The sap was 
dned on the water bath, and m the oven at 130°, and finally igmted at low red 
heat until a fairlv white ash was secured The ash was extracted with hot dilute 
HCl to ensure the solution of oxv’chlondes and of Mg-P-Oj After filtration the 


ChibnaU, AC,/ Biol Chem , 1923, 66, 333 
^ Woy, R , Chem -Ztg , 1897, 21, 442 

® Treadwell, F P , and Hall, W T, Anahtical chemistry H Quantitative 
analysis, New York, John Wiley and Son, 6th edition, 1924, 383 
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calaum v.'as preapitated in the filtrate means of ammonium oxalate in the 
presence of ammoma and NH4CI A visible preapitate v.as produced but after 
igmtion the amount of CaO was too bttle to weigh on an ordmarj balance Mag 
nesium was precipitated in the filtrate from the calcium detennmation as 
MgNH4P04 and igmted to MgiPjCh, according to the method of Schmitz * 
Sodium and Potassium — ^These were determmed together as the sulfates, and 
potassium as potassium chlorplatinate according to the Lmdo Gladding pro- 
cedure ^ the sodium bemg then calculated b> difference The sample was dned 
and Ignited ]ust below red heat In order to avoid the loss of KCl igmtion was 
earned onl> far enough to decompose the orgamc compounds The black 
residue was broken up and extracted vath hot water Where phosphate was 
present it was removed by the familiar basic feme acetate method and mag 
nesium (in the two cases where it was present) wxis removed by means of the 
Schaffgottsche reagent ® The filtrate from these separations containing sodium, 
potassium and ammonium sulfate and chlonde was evaporated to dr>ness, and 
the residue igmted below red heat to remo\c ammomura It was then taken 
up in water treated with a few drops of concentrated sulfuric acid The solution 
was then evaporated first on the water bath and then on the sand bath and 
finally igmted at low red heat to decompose the acid sulfates After weighing 
the salts were dissolved and the potassium was determined m the solution as 
desenbed above 

Sulfate — Sulfate was determined in the alcohol mixture directl> b> prccipita 
lion as banum sulfate The preapitate was filtered through paper and ignited 
to get rid of occluded orgamc matter 

Chloride — In order to remove organic materials which might reduce silver 
mtrate the sample was igmted below red heat until all the orgamc matter was 
decomposed The black residue was extracted, filtered, and the chlonde was 
determmed graviraetncally in the filtrate as silver chloride 

Acidity — ^The aaditj of the sap was determined by titraUng with CO» free 
sodium h> dioxide to the change pomt of phenolphthalem 

The pH was determmed in two cases by the glass electrode * 

Nitrate — Tests were made for nitrate by means of nitron and diphen> lamine 
but only doubtful traces were found 

Orgamc Acids — Unfortunatel> the hterature contains no satisfactorv pro- 
cedures for the detennmation of the mixtures of orgamc anions m small quanti 
ties of material Vickciy and Puchcr*® have devised methods for the anions 

• Schmitz, B Z anal Chem 1906 46,512 

’ See Treadwell F P and Hall W T , Anal^ tical chenustrj II Quanti 
tative analj’SLj, New York John Wile> and Son 6th edition 1924, 79 

“SccTrcadweU T P and HaU, W T , Anal} Ucal chemistr> U QuanU 
tative analj'sis. New York, John Wilc> and Son, 6th edition 1924, 62 
•These detennmations were kmdl> roadebj S E Hill 
‘®Vickcr>,H B andPucher G W Bull Conn Agrtc Exp Station, Pio 323, 
1931 
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present m tobacco leaves These methods depend on precipitating the anions 
as barium salts, decomposmg the salts by sulfunc acid, extracting them mto 
ether, and estenfymg, and fractionally distilling the esters, and are better adapted 
to large samples 

In vien of these facts it v as deemed inadvisable to attempt at this time any 
thorough mvestigation of the acids present m our plants In all cases oxahc 
aad was identified by means of the fairly characteristic calcium oxalate crystals 

RESULTS 

The results of the analyses are given m Table I 

Evidently the leaf saps were mixtures derived from three possible 
sources, the vacuoles, the protoplasm, and the mtercellular spaces 
However, we are chiefly mterested m the lonogemc constituents of 
the first 

Chibnafl.^ has shown that the method of extracting the leaf sap by 
treatmg the leaves with ether and then pressmg results m the expul- 
sion of the vacuole sap but not of the protoplasm, the cells bemg flat- 
tened but not apparently ruptured 

The admixture of the intercellular fliud with sap from the vacuoles 
caimot be avoided but it does not seem important in this work smce it 
would not be expected to increase the ratio of cations to amons, which 
IS the essential pomt involved m the present investigation The in- 
tercellular fluid probably consists almost entirely of morgamc com- 
pounds, bemg mostly the external solution (somewhat concentrated 
by evaporation) plus CO2 and perhaps some other materials given out 
by the cells Its content of solutes is very small as compared with the 
sap'* and the amount mixed with the sap cannot be large since the 
mtercellular spaces are mostly filled with gases 

In the discussion which follows it will be assumed that the sub- 
stances reported were present m the clanfied saps as 10ns or parts of 
dissolved lonogemc substances This assumption, which we believe 
to be valid, will be discussed more fully m Part 2 

" Behrens, H , and Kley, C , Orgamsche makrochemische Analyse, Leipsic, 
Leopold Voss, 2nd edition, 1922, 332 

^^In the expenments here descnbed the saps were chlorophyll-free, which 
mdicates that they did not contam much protoplasm 

'* In this connection see the work of Shcdd, 0 M , and Kastle, J H , / Am 
CItcm Soc , 1912, 34, 1415, on the hqmd exuding from cut branches of the grape 
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In Table I the equivalent concentration of the phosphate ion has 
been calculated on the assumption that m the saps we have studied 
phosphoric acid is monobasic The pH of rhubarb sap is about 4 5 
(Table I),” and pKz for phosphonc acid is 6 9, so that according to the 
Henderson-Hasselbalch equation only about 0 4 per cent of the total 
phosphate can be present as HPO 4 — Naturally m the saps of Ru- 

niex and Oxahs, which have still greater hydrogen ion activities, the 
proportion of bivalent phosphate will be less It may be pointed out 
that even if the phosphate ion is assumed to be tnvalent it does not 
alter the major conclusion which may be drawn from the analyses 
The data show that m these saps the cation equivalents exceed the 
anion equivalents, the smallest ratio of cation to amon being 1 8 and 
the largest 5 3 The average is 3 8 ’® The excess of cations is, of 
course, paired with various organic amons 

As to the nature of these anions, it has akeady been stated that the quanti- 
tative separation of the comphcated mixture of organic anions derived from 
plant sources has not yet been accomphshed satisfactorily and no attempt has 
been made to solve this problem in the present case 

In Rheum rkaponhatm, L , accordmg to Wehmer,’® benzoic and galhc acids 
have been detected, and in a number of closely related species, oxahc and malic 
acids There is no doubt that the last two are the most important According 
to Bau’^ from 0 05 to 0 S per cent of oxahc acid exists m fresh young leaves of 
rhubarb Maue’® reports 0 358 per cent oxahc acid in fresh rhubarb leaves and 
Tsakalotos’® 0 46 per cent in fresh leaves of Rheum jmdulatum In Rumex and 
Oxahs oxahc acid is said to be abundant^® and this is confirmed by our quali- 
tative tests 

Probably there are small amounts of proteins present in all saps, but at the 
low pH’s encountered in the plants studied by us it is probable that they were 
acting as cations In this connection it is interesting that Chibnall and Grover’^ 

Chibnall, A C , and Grover, C E , Btochem J , London, 1926, 20, 108 
If phosphate is taken as bivalent the ratio of cations to amons in the second 
sample of Rumex is still 1 30 

Wehmer, C , in KJem, A , Handbuch der Pflanzenanalyse, Vienna, Julius 
Springer, 1932, 496 

’^Bau, A , Z lech Biol , 1921, 8, 151 
Maue, G , Z Nahr -Gcnussm , 1920, 40, 345 
Tsakalotos, A E , Schuactz Apoth -Zlg , 1919, 67, 303 
Czapek, F , Biochemie der Pflanzen, Jena, Gustav Fischer, 3rd edition, 
1922-25, 69 
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found that no soluble cytoplasmic protein could be extracted from Rumex and 
RJietim because the sap ^'as below the isodectnc pomts of the proteins 

It will be observed that calaum and magnesium were present in but two 
samples of sap This is probably due to the preliminarj treatment of the sap 
after expression With the exception of the tViO samples mentioned the sap 
■was treated at once with an equal volume of alcohol and a few drops of glacial 
acetic acid, and chilled for about 24 hours Under these circumstances there 
separated out not only a heav> organic preapitate, but also crjstallme material 
which contamed traces of calcium and much magnesium and which maj have been 
either calcium and magnesium oxalate or other organic salts or phosphates or all 
of these Assuming that these substances were ongmally retamed in solution m 
the sap due to its low pH their deposition before anal>sis does not vitiate our 
conclusion as to the excess of cations In the exceptional cases the salts probably 
did not deposit because of the very low pH due to the added HCl 

The small amount of calcium in the sap recalls the situation m Valoiua 
Recent experiments on Nttclla support the suggestion” that the chief function 
of calaum maj be to prevent certain orgamc substances from leaching out of 
the cell surface and m that case calcium would not be ncccssaiy m the vacuole 
since it contains these orgamc substances 

These results are in harmony •with those of Teahle” who finds an 
excess of inorgamc cations over anions in the sap expressed from wheat 
plants 

It IS clear that the excess of cations over amons can be explained on 
the assumption that the cations have entered as hydrates This sug 
gestion has already been made on other grounds** and has been 
applied to models ” 

** Osterhout, W J V J Gen Physiol 1922-23, 6, 225 Here the figure for 
calcium m parts per thousand is 10 times larger than it should be The method 
IS such that the molar concentration given may be too large 

” Osterhout, W J V Ergehn Physiol, mz 36,967 Osterhout, W J V, 
and Hill, S E , / Gen Physiol , 1933-34, 17, 87 
** Teaklc, L J H , Plant Physiol , 1929, 4, 211 

** Osterhout, W J V , i'aewcc, 1912, 36, 571 Froc Soc Exp Biol and Med, 
1926-27,24, 234 Bull Nat Research Council, No 69 1929,170 / Gen Physiol, 
1930-31 14, 285, Biof Brgebn Physiol 1933 36,967 Jacques, 

A G and Osterhout, W J V / Gen , 1933-34, 17, 727 

“Osterhout, W J V and Stanlej W M J Gen Physiol, 1931-32, 16, 
667 Osterhout W J V / Gen Physiol 1932-33 16, 529 Osterhout 
W J V , and kamcrhng S E,/ Gen Physiol 1933-34, 17, 507 Osterhout 
W J V Kamerling S E and Stanle>,W M J Gen Physiol , \m-ZA 17, 
445, 469 
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It IS, of course, possible that cations enter in exchange for H+ pro- 
duced in the cell but it seems improbable that this plays an important 
role There are, however, other possibilities which will be discussed 
in the second part of this paper 

SUMMARY 

The inorganic constituents of the sap of Rheum (rhubarb), Rumex 
(field sorrel), and Oxahs (wood sorrel) show a great preponderance of 
cations over anions, as would be expected if the cations entered chiefly 
as hydrates (other possibilities will be discussed m Part 2) 

Osterhout, W J V , Ergebn Phystol , 1933, 36, 994 



RESULTS OF IRRADIATING SACCHAROIMYCES WITH 
MONOCHROMATIC ULTRA-VIOLET LIGHT 

n The Intltjence op Modipying Factors 
B v ROBERT H OSTER 

{From the Laboratory of General Physiology, Barcard University, Cambridge) 
(Accepted for publication, Apnl 30, 1934) 

It has been shown previously (1, 2) that the action of monochro 
matic ultra violet radiation on the yeast Saccliaromyces cerevtstac is 
not an all or none effect, but is a graded result varying from induction 
of simple mabdity to form normal sized colonies to “death” of the 
cell, through different degrees of damage, and involving in some stages 
the formabon of giant cells The mean “survival” curves for irradi 
ated 24 hour cultures (2) resemble the curve for a first order process, 
but on this assumption divergences indicate the presence of modify 
mg factors 

The present paper deals with several factors which may modify 
the absorption of energy and the cell processes resultmg from irradia- 
tion of yeast with ultra violet light 

Age of llie Cells 

Similar to the effects observed with other organisms (3, 4), the age 
of the yeast culture has a marked influence on the relative resistance 
of the cells to lethal irradiation, as measured by the energy required 
to suppress budding (2) This is illustrated by a comparison of the 
results obtained on irradiating two cultures of widely different periods 
of incubation, (A) a 24 hour culture and (B) a 15 day culture of yeast, 
both incubated at 25°C and irradiated m a large quartz mono 
chroraator at the wave length 2535 A u as previously described (2) 
after inoculation on malt agar contained in small Petn plates As 
shown in Fig 1, from 20 to 50 per cent more incident energy to pro 
duce a given effect is required for the 15 daj culture than for the 24 
hour cultures This is best explained on the basis that the greater 
243 
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resistance of the 15 day culture is due to the greater proportion of 
cells in the resting stage 

The integral curve of reproduction of yeast, under the conditions 
observed m these experiments (2), shows that m a 24 hour culture, 
cell division is still gomg on at a fairly rapid rate so that the cells of 
a given inoculated plate will be m various phases of the reproductive 
cycle at the time of irradiation The results obtained by Wyckoff 
and Luyet (1) using 15 day cultures of yeast, in which they found the 



Fig 1 Curves showing the difference m the rate of LJling as a function of the 
incident energ^, for jeast cells exposed to monochromatic ultra-violet radiation 
(2535 A u ) Curve A, 24 hour culture Curve B, IS day culture The plotted 
pomts give the percentages of cells forming two or more daughter cells, based on 
counts of 100 to 300 cells (c/ Oster, 1934-35) 

survival curve followed a multiple hit to kill relation, indicate that 
the reproductive state of the cell is an important factor in its resistance 
to changes produced by ultra-violet irradiation 

In contrast to the results obtained with ultra-violet irradiation, 
yeast cells exposed to X-radiation (1, 5) show a large number of two- 
cell groups even after long exposures Lacassagne and Holweck (5) 
have referred to this abihty of the cell to form one bud and no more 
as a case of “deferred death ” They also state that cells undergoing 
rapid division vere more resistant than the older resting cells These 
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results, along with those of Strangeways and Hopwood (6), that tissue 
cells in the phase just preceding the prophase are espeaally sus 
ceptible to X-radiation, suggest that ultra-violet energy is ab- 
sorbed by the nucleus with a slight but significant difference from the 
way in which X rays, cathode rays, and alpha particles are absorbed 
The reasons for this difference have recently been treated quanti 
tatively by Holueck (7) 



Fig 2 Survival curves of j east cells exposed to monochromatic ultra violet 
radiation of nave length 2535 A u at four different temperatures A at 29 5®C 
B at 24 0°C , C at 16 O^C D at 8 0 C The pomts indicated bj clear circles are 
mean values at 10 per cent mtervals obtamed from the smoothed curves (cf 
Fig 1) secured m several experiments at each temperature 

Temperature in Relation to the Lethal Effect 
All of the data given in previous papers (2) dealing with the inhibi 
toiy and lethal effects of ultra violet energy on yeast were obtained 
on cells exposed at the temperature of the laboratory, between 22° 
and 2S°C Within this range no evident effects on the inhibitory 
process could be observed, indicating a low temperature coefliaent 
Determmation of the temperature coeffiaent of the lethal action 
was made from data obtamed by a senes of observations on cells 
irradiated at 2535 A u at four temperatures (8°, 16°, 24°, and 29 5°C ) 
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The tests were performed as before (2), but with the inoculated agar plate 
and glass slide exposed m a water-jacketed brass cell with the aperture on the 
eiiposed side covered by a crystal quartz plate and that on the back with a glass 
plate for locating the agar plate m the path of the light beam Three tubes pro- 
vided for the water inlet and outlet and for the insertion of an accurate ther- 
mometer mto the water chamber With a steady stream of water from a storage 
vessel It was found that the temperature could be controlled to within plus or mmus 
one-half of one degree for the duration of a given series of exposures Before each 
plate was exposed it vas allowed to remam m the chamber 10 mmutes m order to 
come to the observed temperature The mean values for several experunents at 


TABLE I 


Daia Used tn the Detenmnahon of the Temperature Coefficient for the Lethal Action 
of Ultra-V lolel Radiation of W ave-Leugth 2535 A u on Yeast 



Energy required 

i 

Reciprocal o( energy ratio for 
lO'C change 

KiUed 

At 21”C 

AtS'C 

At 29S-C 

8-24'’C 

8-29 S°C 


Mean 

Mean 

Exp 91 

Mean 

Mean 

Exp 91 

Mean 


i ergs per 

1 mm * 

ergs fer 
mm * 

ergs per 
mm* 

ergs per 
mm ‘ 

i 

■1 


20 


360 

345 


1 10 

WBm 

1 12 

30 


425 

412 


: 1 08 


1 10 

40 

440 

495 

j 478 

416 

[ 1 07 

1 08 

1 09 

50 

503 

560 

i 542 

480 

> 1 07 

I 1 05 

1 OS 

60 

566 

653 

615 

542 

1 08 

1 1 05 

1 09 

70 

648 1 

745 

695 

615 

1 08 

1 05 

1 09 

80 

751 

885 

800 

690 

1 10 

1 04 

1 13 






1 08 

1 06 

1 10 


each temperature are plotted m Fig 2 The temperature coefficient was obtamed 
by taking the reciprocal of the energy ratio for a 10° change (Table I) 

Using the outer lunits (29 5° and 8°C ) an average value of 1 10 
IS obtained Using the range between 8° and 24°, mean values for 
the 8° series give an average value of 1 08 When Experiment 91 is 
used, at S°, m which the temperature could not be observed to change 
over the entire course of the exposures, a lower value of 1 058 is 
obtained for the range 8-24° This is in good agreement with the 
low value 1 06 obtained for lethal action on bactena (8) 

The higher value (1 10) obtamed when the 29 5° series is used may 
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be due in part to the influence of another reaction, since it has been 
demonstrated that 30®C is a critical temperature for this strain of 
yeast (9) The values obtained suggest that the effects produced by 
the radiation are physical or direct rather than chemical in nature 
If the rate of "k i l lin g" is plotted as the loganthm of the energy 
required to "kill" a given percentage (50 per cent) against the reap- 



Fio 3 Graph shoeing the relation between the lethal action of ultra violet 
radiation at ^\ave length 2535 Au and temperature The points arc plotted 
as the cnerg> required to kill 50 per cent of the cells as a function of the reciprocal 
of the absolute temperature at 29 5** 24 , 16® and 8®C The temperature char 
actenstic calculated according to the Arrhenius equaUon has the >'alue 640 

rocal of the absolute temperature, according to the equation of 
Arrhenius, the temperature characteristic can be determined for the 
process (Fig 3) This is found to have a mean value of about 640, a 
value much lots er than an} found for ordinary chemical processes (10) 

Effects of Ultra Vtolcl Energy upon the Nutrient Medium 
To determine tthether the irradiation of the malt agar medium was 
a factor m the inhibitory and lethal effects (11), plates of the medium 
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were exposed for periods ranging from 5 minutes to 2 hours, the 
yeast was then seeded on these surfaces by a fine mist from a vapor- 
izer, the cells bemg allowed to settle on the agar with as little excess 
moisture as possible No effect on the subsequent growth of the cells 
could be detected As the droplets of water contammg the yeast 
were so small as to show no visible moistenmg of the agar surface, it 
IS unlikely that any toxic substances formed by the action of the 
radiation upon the medium could have been diluted to an appre- 
aable extent 


Test of Toxicity 

To test the possibility that toxic substances formed m the cells 
killed by the irradiation may diffuse out subsequently and aid in the 
formation of the abnormal and inhibited ceU groups observed, the 
followmg tests were made 

Four malt agar plates were inoculated with a yeast suspension of 
standard turbidity and allowed to dram In the meantime a heavy 
suspension of yeast from the same culture, fillmg a large Petn plate 
to a depth of 8 mm , was exposed at a distance of 20 cm from a hori- 
zontal quartz mercury vapor arc operated at 67 volts and 5 5 amperes 
Durmg irradiation the suspension was stirred at frequent mtervals 
and samples were removed at the end of 1, 5, 10, and 60 rmnutes 
exposure Small drops of these samples were immediately pipetted 
on to marked areas of the plates previously seeded with non-irradiated 
cells After 36 hours incubation at 25‘’C the plates were exarmned 
and the followmg observations made, (c) all of the areas covered by 
drops of the exposed suspensions showed the same number of normal 
colonies as the adjacent control areas, with the exception of the 
1 minute exposure The latter areas showed approximately three 
times the normal number of colonies, with 3 per cent of the colonies 
shovmg some giant cells (i) In the 5 minute areas the normal 
sized colonies were surroimded by numerous small colonies and one- 
and tfto-cell stages These small colomes are evidently survivors 
from the irradiated suspension (c) In the 10 minute areas the nor- 
mal sized colonies were surrounded by many one- to three-cell stages, 
many of which contained giant cells id) The 60 mmute areas con- 
tained himdreds of smgle cells surrounding the normal colonies or 
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dumped at the edge of the area The mean diameter of the normal 
colomes m the various areas was the same as that of colomes m the 
control regions 

From these observations we may condude that cells killed or dam- 
aged by ultra \ lolet radiation, under the conditions here descnbed, 
do not liberate toxic substances capable of affecting the subsequent 
growth of adjacent normal yeast cells 

The Bmisen Roscoe Reciprocity Laoi 

No extended senes of expenments was made to test the validity of 
the Bunsen Roscoe reciproaty law However, it was necessary to 
test the effects produced by the irradiation for vanations of intensity 
of the same or somewhat greater degree than those commonly present 
in the actual expenments In two different expenments the mtensity 
of the madent light at 2804 A u was decreased by 30 per cent b> 
increasing the distance of the test object from the exit slit This 
difference in intensity is considerably greater than any actually ex 
penenced at any given wave length durmg the course of the investi 
gation (2) 

On plotting the percentage survival against the energy madent 
upon the receivmg surface for the two expenments (at 10 ergs per 
mm * per sec and 7 ergs per mm • per sec ) it was found that the 
deviation between the tno curves was considerably less than the 
maximum deviation between curves plotted from data obtained at 
constant mtensity Dunng the course of the complete tests the actual 
vanation of mtensity of the madent light was never found to exceed 
20 per cent, over all wave lengths, so that the Bunsen Roscoe law has 
been considered to be vahd within the narrow limits of mtensity 
variation permitted For wide variations m intensity, however, it is 
probable that the law would not hold (8) and that the Schwartzchild 
exponent q m the equation /'/ = A, would be greater than one 

COMO-USION 

Possible variation in the probability that absorbed quanta of ultra 
violet cnergj wall produce observable inhibitory and lethal effects in 
the yeast cell, due to non uniformitj in sensitivitj of the different 
regions of the cell, maj be further modified by the reproductive stage 
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liESULTS OF IRRADIATING SACCHAROMYCES WITH 
MONOCHROMATIC ULTRA-VIOLET LIGHT 

HI The Absorption op Ultra Violet Energit by Yeast 
B v ROBERT H. OSTER 

{From the Laboratory oj General Phystology Harvard Umvernty Cambridge) 
(Accepted for pubbcation April 30, 1934) 

It has been shown previously (1-3) that monochromatic ultra violet 
radiation produces mhibitory and lethal effects m the yeast Saccharo 
myces ceremsiac which are approximately the same at each wave 
length tested but require quite different inadent energies to effect the 
same degree of reaction at different regions of the ultra violet 
spectrum (2) 

The present paper deals with these differing energy reqmrements in 
the production of a given reaction end point over the region of the 
spectrum studied, as an index of the biological or lethal spectrum 
of yeast 

The effectiveness of ultra violet energy m produemg a giien effect, 
whether it be inhibition of normal colony formation, cessation of 
metabohe processes such as respiration or fermentation, or the stop 
page of growth and cell division, must be mtimately related to its 
absorption by the yeast cell or by the medium upon which the cell 
grows No demonstrable effect of irradiatmg the malt agar medium 
could be observed Plates of the medium irradiated for 1 and 2 
hours supported normal colony formation of yeast seeded immediately 
after the exposure Under the conditions of the tests the effect dis 
cussed must be directly upon the yeast cell 

Measurement of the absoiption of ultra violet cnergj by intact 
yeast cells was attempted* by the method used by Gates (4) in obtain 

* The opportumti to make these tests and the use of the neccssari apparatus 
was made possible through the kindness of Professor W J Crozicr and Dr Fred 
enck L Gates I am grateful to them for their advice and assistance 
251 
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mg absorption curves for Staphylococcus aureus and Bactlhis coh A 
loopful of moist yeast cells was pressed between two crystal quartz 
plates and the thickness of the layer was measured by interferometry 
(4, 5) The specimen was then set up in one optical path of a sector 
photometer, with a film of glycerol of practically the same thickness 
between similar quartz plates in the other path as a control 

Two beams of light from the tungsten-iron spark source passed 
through the specimen and the control and were spread by a large 
quartz spectrograph into parallel spectra in the plane of a photo- 
graphic plate The light passing through the control could be varied 
by means of the sector vane to give a graded senes of progressively 
lower intensities on the spectrogram against which the specimen 
spectra could be matched in the different wave-lengths 

However, it was found that so great was the difference between 
the energy transmitted m the two paths that no points of equal 
blackening could be found on the plates within the range of the sector 
shutter A pair of nucro-Baly tubes were next used m place of the 
films, one tube contaming an aqueous suspension of yeast cells of 
moderate density and the other a control suspension of an inert powder 
(India ink) With this arrangement the length of the control sus- 
pension could be varied m conjunction with the sector shutter, or 
alone, over a wide range of transimtted energy Points of equal 
blackening on the spectrogram were obtained by this method, but so 
great is the scattering and refraction by the chitinous walls of the 
yeast cells that no sigmficant differences in the relative blackening 
could be discerned, i e , when a match at one wave-length (e g , 
3100 A u ) IS obtained all wave-lengths match over the range studied 

Other methods were tried with siimlar results Transmission of 
energ}’- down to 2200 A u indicates that it is probably refracted from 
cell vail to cell wall and thus masks any charactenstic absorption 
pattern of the cytoplasm 

Hov ever, an approximation of the absorption spectrum of the sub- 
stance or entity vithm the cell which is so modified by the absorbed 
energ>' that injunous effects to the yeast cell result, is obtained by 
plotting the incident energies required to cause “death” of 50 per 
cent of the cells (c/ Oster (2)) against the wave-length as shown in 
Fig 1, Curv'c A Curve A mdicates the different energy levels at 
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the wave lengths tested and shows a minimum energy requirement 
between 2600 and 2700 A u , with another minimum indicated below 
2300 Au Significant efi’ects were not found above 3022 Au , and 
at wave lengths below 2225 A u the mtensity was found to be so low 
as to be unsmtable for quantitative tests 



WAVE-LENGTHS IN 


Fig 1 Comparison of the destructive cfBaencj of ultra wolet energy on > cast 
at different wave lengths. Curve A incident energies involved in the * killing 
of 50 per cent of S cermsiae at different wave lengths Curve B, reaprocals 
of the energies required to “kill” 50 per cent of the j east cells 

If we assume that the injunous effects in the yeast cells result from 
the absorption of light quanta, the significance of Curve A lies in the 
specific absorption of the different quanta by the cells, and the absorp- 
tion curve (lethal spectrum) of the substance affected is more con 
ventionally represented by plotting the reciprocals of the energies 
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(Curve B, Fig 1) If the limitations are recognized, such an assump- 
tion IS of value in the analysis of biological reactions in relation to 
absorbed radiant energy (cf Warburg (6), Gates (4, 8), Kubowitz 
and Haas (7)) 

A comparison of the energies reqmred to suppress buddmg of 50 
per cent of the cells irradiated shows that they range from 457 ergs 
per mm ^ at 2652 A u to 23,500 ergs per mm ® at 3022 A u , or roughly 
a ratio of five times the energy range for 5 aureus (4) The 50 per 
cent point was chosen because it falls at the most accurately deter- 
mined part of the curve and because it represents a median index of 
the inhibitory process m the irradiated cells 

DISCUSSION 

Curve B of Fig 1 is essentially similar to absorption curves of cer- 
tain enzymes (7, 9) and nucleoprotem derivatives (8) In the loca- 
tion of Its energy peaks on the wave-length scale the lethal spectrum 
of yeast thus obtained resembles the absorption curve of the pyn- 
midine bases of nucleic acid, cytosine and uracil (8) These nucleo- 
protein derivatives are known to occur in yeast (10), and Jones and 
Perkms (11) have shown that cytosine along with guanine and ade- 
nine nucleotides can easily be isolated m quantity from yeast nu- 
cleic aad 

The suggestion is made that the effects of ultra-violet irradiation 
may result from the absorption of energy by these nucleoproteins 
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ADAPTATION OF CUTANEOUS TACTILE RECEPTORS U 

By HUDSON HOAGLAND 

{From the Physiological Laboratory^ Clark University, Worcester) 
(Received for publication. May 3, 1934) 

I 

A method of recording action potentials from individual nerve 
fibers supplying single receptors in the skin of the frog has been de 
scribed (Adrian, Cattell, and Hoagland, 1931 , Hoagland,1932) Leads 
are placed on a dorsal cutaneous nerve which has been cut near its 
entrance to the skin, and antidroimc unpulses are recorded These 
impulses are set up by stimulatmg a smgle receptor supplied by an 
axon which branches in the dorsal root ganglion and sends a fiber out 
along the dorsal cutaneous nerve under mvestigation Thus the 
impulses travel from the receptor to the ganglion and then out again 
to where they are recorded without havmg entered the central nervous 
system or passed a synapse The action potentials are amplified and 
recorded with a Matthews oscillograph used in conjunction with a 
camera, a standing wave screen, and a loud speaker Stimulation 
of the tactile receptor preparation at any desired frequency, duration, 
or intensity may be secured by applying to the skm surface a jet of 
compressed air interrupted by a toothed disc fitted to a flexible shaft 
and revolved by a motor 

“Adaptation” to a constant pressure was found to be very rapid — 
only one or two impulses bemg set up With repeated air blasts of 
short duration (So) only a single impulse is set up for each puff of air 
If the frequency is sufficiently great the end-organ soon fails to follow 
every stimulus, more and more impulses bemg dropped out until the 
response ceases entirely The failure depends not only upon the 
frequency of stimulation but upon the duration of the stimulus and 
the interval betw ecn stimuli The time of complete failure of response 
may be regulated in terms of these variables from a few seconds to 
more than an hour (Cattell and Hoagland, 1931) 
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CUTANEOUS SENSORY ADAPTATION II 


Studies have been made of the rate of adaptation of tactile receptors 
as a function of the properties of a senes of discs used to interrupt the 
air jet (Hoagland, 1932-33 a) Empirical equations were determined 
for the failure of response, and equations relating the velocity con- 
stants of these equations to the ratio of S/R= 

Time between stunuli 

as determined by the relative area occupied by the notches and the 
intervening solid matenal of the discs 


II 

A general hypothesis concerning a possible mechanism of adapta- 
tion, that IS, of failure of nerve impulses set up in response to repeated 
pressure stimulations of single tactile receptors, is here presented and 
discussed m the light of a group of experimentally ascertained facts 
concerning the phenomenon 

Encapsulated receptors m frog’s skin are histologically rare The 
receptors (=b 200 per cm may be regarded as free nerve endings 
branching among cells of the epithelium (c/ Adnan, Cattell, and 
Hoagland, 1931) They may be viewed as stimulated directly by 
mechanical movement of the skin which sets up tension and stretches 
the filamentous endings The stimulus may thus be regarded as 
acting in a way similar to that of pressure on an excised nerve trunk — 
a constant applied pressure, in general, sets up impulses only momen- 
tanly during its application and again occasionally on its removal, the 
nerve apparently “adapting” itself to the constant pressure m a 
manner similar to the adaptation of excitable tissues to the flow of a 
constant current Repetitive applications of pressure may be re- 
garded as repeatedly stretching the nerve and stimulating it, perhaps 
by physical alteration of its polarized membranes As in the case of 
repetitive, non-injunous stimulation of excised nerve we might expect 
impulses to be set up in response to each stimulation, provided the 
intervals bctv.ccn stimuli do not exceed the refractoiy penod of the 
nerv'C Such repetitive activity of excised nerve has been found to be 
maintained over long penods of time 

The failure of response of the cutaneous endings to the repeated 
stimulations of the air jet has been referrred to above as sensory 
adaptation The receptive nerve fiber is surrounded by epithelial 
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cells which are distorted by the mechanical stimulus and it is not 
unreasonable to suppose that substances may be released from the 
cells surrounding the fiber as a result of their distortion Such sub 
stances accumulating about the fiber may progressively lower its 
excitability, ultimately silencmg it by increasing its threshold to 
stimulation 

Adnan, Cattell, and Hoagland (1931) reported that if the surface 
layers of frog’s skin were scraped away the tactile responses (nerve 
impulses) ceased for a time but eventually returned Feng (1933) 
confirmed this and extended the observations, showmg that the 
failure was due to the release of potassium from broken epithelial cells, 
which temporarily reduced the exatabihties of the endings Feng 
found that the temporary abolition of responses occurs not onlj in 
the region scraped, but also in adjacent unscraped regions Imgation 
with Rmger’s solution caused the responsiveness to return Samples 
of scraped and unscraped frog’s skin were apphed to the underside of 
the skin nerve preparation Inhibition of response occurred only 
when the preparation was in contact with scraped skin The inhibitory 
effect was found not to be pecuhar to damaged skin alone Crushed 
frog tissues m general were found to inhibit the tactile nerve impulses 
The effect was shown not to be due to pH or to osmotic pressure 
changes 

Ringer’s solution with about ten tunes the normal potassium content 
was also found to inhibit responses, as did solutions made up of ashed 
tissue extracts Potassium assays were made of the inhibiting tissue 
extracts which were found to inhibit to about the same degree as 
solutions containing equal amounts of potassium 

This work IS suggestive in connection with the quantitative analysis 
of the spread of effects of operational injury along the lateral line 
receptors of fishes (Hoagland, 1932-33J) A depressing action on 
spontaneously discharged nerve impulses from the neuromasts was 
found for a distance of ± 2 cm from the region of operation, the 
mhibitory effect decreasing with the distance from the inasion The 
high mobihty of potassium ions is consistent with the notion of its 
production of such injury effects 

Blinks (1933) has reported the inhibition of recov crj in the presence 
of potassium after the passage of action currents m cells of A tlcUa and 
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Chara He suggests that the effect is due to a lowering of acidify 
within the cells by the entrance of potassium in the form of a base 
(For a review of the relation of potassium to bioelectnc currents m 
plant cells cf also Osterhout, 1931 ) 

The foUowmg facts appear to be consistent vnth the hypothesis 
that adaptation of tactile receptors may be due to the liberation of 
potassium from surrounding epithelial cells when pressed upon, re- 
ducing the excitabihties of the nerve endmgs to direct mechanical 
stimulation 


m 

(a) Experiments involving bnef durations of the air puff stimulus 
shov/ that the receptor can follow frequencies of stimulation of the 
order of 350 per second for a short time (±0 5 second) at room 
temperature The bnef mtervals between stimuli at these high 
frequencies may force the nerve to conduct in its relative refractory 
penod, giving axon potentials v/hich may be reduced 50 per cent 
below normal (Cattell and Hoagland, 1931) The bnef time relations 
mvolved imply that the stimulus effects the fiber directly, without 
the mediation of chemical mechanisms 

(d) Adaptation to a jet of air at constant pressure stimulatmg at 
140 impulses per second was measured with eleven single-fiber prep- 
arations The time of complete adaptation was recorded with a 
stop-v.atch by observmg the failure of impulses on a viewing screen 
After complete failure of impulses a jet of Rmger's solution v/as passed 
from a pipet across the wider side of the skin through an masion a 
few millimeters from the endmg The solution drained away through 
a second sLm incision below the ending The washing m all but two 
cases effected a rapid recovery of the endmg — ^impulses being pro- 
duced from the previously adapted receptor, not only dunng the 
V ashing, but for about half the normal adaptation time after cessation 
of the current of Ringer’s solution 

It w as thought that the apparent recovery might have been due to 
slight elevation of the skin towards the stimulating nozzle by the 
entenng solution, thus rendenng the stimulus more effective Accord- 
ingh the sUn was lifted slightlv by the tip of the pipet and also by 
blowing air through the pipet agamst the under side of the skm In 
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a few cases slight augmentation of the response seemed to result but 
to no such degree as was observed when the skin was washed with the 
current of Rmger’s In six experiments isotonic KCl was used to 

TABLE I 

Sbmuktion frequency - 140/second 


Time mpured for complete failure of impuUea witit different durations of recovery between determinations 


60 sec recovery period 

30 see recovery period 

IS sec recovery period 

Approilmaldy 3 sec. 
recovery p^od 

tu 

itC 

itc 

see 

15 2 

15 0 

8 2 

2 2 

15 0 

14 6 

7 2 

1 8 

14 8 

15 4 

7 6 

3 0 

15 6 

14 8 

8 4 

1 2 

IS 4 

IS 2 

8 8 

2 0 

Means 15 2 

IS 0 

8 0 

2 0 


Immedutely after complete adaptation with the mtenxuttcnt stimulus continuing the 
sUn was washed with Ringer s solution for a penod lasting 8 ± 2 sec. 


Time from ttsrt of washing to second complete adaptation 


tu 
20 2 

25 8 
18 0 

26 0 
23 8 

Mean 22 8 


After washing «]th Isoton c KCl (30 sec. recovery penod) a laptallon time 


6 0 
2 0 
0 0 


Repeated washing with Ringei s solution produces complete reco\cry 


wash the under side of the skin This quahtatn elj caused a hasten 
mg of adaptation Washing mth Rmger’s solution after the fadure 
due to KCl hastened the recoveiy Table I shows the results of one 
experiment 
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(c) The speed of adaptation is increased vritli increase in the ratio 
Stimulating time ^ 

of 2 7T~T I T = S/R as determined mtli a series of 

Tune of rest between stimuli ' 

notched discs used to interrupt the air jet (Hoagland, 1932-33 c) in 
some preparations the velocity constant of the process of adaptation 
v/as found to be directly proportional to S/R, in others it was pro- 
portional to Its loganthm 

This IS consistent vdth the notion that potassium released from sur- 
roundmg cells reduces the excitability of the nerve fiber — the greater 
the value of S/R the more rapidly potassium would be released and 
the faster would be the sensory adaptation The excitability of nerve 
depends on the ratio of potassium inside the fiber (K,) to potassium 

outside (Ko), where ^ is normally about 10 (cf Hill, 1932). Potas- 


sium released from surrounding epitheh'al cells would tend to decrease 
this ratio by raising K«, thus reducing the exatabihty of the nerve 
fiber For a reviev/ of the relation of the excitability of muscle to its 
potassium content cf Needham (1932, chapter 7) 

In nine out of fifteen preparations studied the frequency of response 
of the ending to the^air puff stimulus was found to declme loga- 
nthmically vnth tune This is consistent with the notion that diffu- 
sion of potassium may be the determinmg factor in producing adapta- 
tion In six out of fifteen cases the frequency dechned hyperbohcally 
and at a more rapid rate than m the other expenmenls This di- 
gression from the loganthmic declme may have resulted from the 
fact that in some preparations the recoveiy mechanism mamtainmg 


K. 


may have been retarded, thus faahtatmg the accumulatmg potas- 


sium and produang adaptation 

{d) A senes of prelinunaiy experiments on adaptation as a fimction 
of temperature has been earned out by the wnter in the laboratory 
of W J Crozier at Harv'ard A satisfactory quantitatn e analysis of 
these results is not y et complete Qualitatively, however, adaptation 
IS found to be faster the lov-er the temperature This may be due m 
part to the fact that at lov.er temperatures the slan appears to be less 
flexible, as j'udged by its movement in response to the stimulus, thus 
rendenng the pressure less effective and reducing the stimulus to 
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nearer the threshold value for the receptor Any increase of potas 
Slum ions from epithelial cells m the vicmity of the fiber would tend 
to be more effechve m reduang the exatabihty of the ner\ e owmg to 
reduction of the effective stimulus, despite the fact that presumably 
less potassium would be released at lower temperatures It is also 
probable that at low temperatures chemical recovery processes of the 


K, 


nerve mamtaimng the ratio g- would be reduced, resultmg m an 


increased rate of failure during repeated exatations 
Table n shows that the frequency of the functional occurrence of 
antidromic tactile endings increases with temperature This may be 
the result of greater pliability of the sUn at higher temperatures re- 
sulting in more vigorous movements of the stimulated skm and hence 


TABLE n 


Mno ezp«rimei]t&l 
temperature 
* 0 J appreximaCely 

No. of frogs 

Total No aDtldromie 
eodiegs 

Ant dromie endmgs 
per frog 

C 

7 2 

15 

24 

1 6 

11 1 

10 

22 

2 2 

15 0 

11 

28 

2 5 

18 6 

4 

12 

3 0 

24 7 

6 

24 

4 0 


more effective stimulation Thus receptors of high thresholds of 
activation may be stimulated more effectively at higher temperatures 
The increase m the number of observed responsive antidromic endmgs 
with temperature may also be accounted for in terms of facilitation of 
chemical factors involved in regulatmg thresholds of exatabihty of 



Throughout the course of the experiments it has been repeatedly 
observed that the degree of movement of the skin makes considerable 
difference in the time of adaptation for the same preparation A 
difference of 100 per cent in the time of complete adaptation may be 
obtained by merely altcnng the angle at which the stimulus impinges 
upon the skm In quantitative studies of the single endings it has 
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CUTANEOUS SENSORY ADAPTATION II 


therefore been found essential to keep the position of the nozzle with 
respect to the skin ngidly fixed throughout work with a particular 
preparation 

(e) Cattell and Hoagland (1931) found that if an uninterrupted jet 
of air was apphed gradually for approximately 30 seconds to a single 



0 /a 2,0 


Time — ‘ Seconds 

Tig 1 Adaptation cur\ es for a single ending at different pressures (mm Hg) 
The data were obtamed by countmg, from photographs, the number of impulses 
dropped after the beginnmg of stimulation at zero time The stimulation fre- 
quencj was 140 per second 

receptor, setting up no nerv e impulses, the receptor nevertheless be- 
came by this treatment, adapted to a normally effective intermit- 
tent air jet applied immediately afterward 

This findmg is consistent wnth the proposed general hypothesis— 
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the slowly increasing pressure is unable to exate the fiber but it may 
nevertheless cause leakage of potassium from the epithelial cells Thus 

jr 

the ratio of — of the nerve fiber may be reduced by the increase in 

Ko 

K<, so that a subsequent interrupted stimulus becomes ineffective 
(/) It vas also reported by Cattell and Hoagland (1931) that stimu 
lation of a part of a given skin area supplied by a single branching 
axon produced adaptation, not only m the stimulated area, but also 
to a second intermittent stimulus applied immediately after the first, 
to an adjacent area several milhmeters distant, supplied by the same 
branching axon In terms of the present hypothesis this is to be ex- 
pected owing to the diffusion of potassium ions, released from epithe 
hal cells by the stimulus, to the neighboring area (c/ discussion of 
Feng’s experiments) 

(g) Recent expenments mdicate, m general, that adaptation of the 
tactile receptors is faster at lower pressures Fig 1 shows this relation 
Lowermg the pressure decreases the movement of the skin and hence 
the adequacy of the stimulus, so that the stimulus approaches more 
nearly its threshold value Presumably less potassium will also be 
released from the epithelial cells, producing less effect on the exata 

bility ratio — However, if the adequacy of the stimulus declines 
Ko 

rapidly with pressure, even a small increment in K, may be sufficient 
to produce rapid sensory adaptation 

SOMMARY 

Studies of axon potentials set up by pressure stimuli applied to 
single cutaneous receptors m frog’s skm indicate that the mechanical 
stunulus excites the free nerve endings directly 
Adaptation to constant pressures or to intermittently applied pres 
sures (failure of the response) may be due to the reduction of exata 
bility of the nerve endings by potassium released under the pressure 
from surroundmg epithelial cells 
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THE ABSORPTION OF ULTRA VIOLET RADIATION BY 
CRYSTALLINE PEPSIN 

WOSK BY FREDERICK L GATES* 

(From the Laboratory of General Physiology, Barvard Umversity, Cambridge) 
(Accepted for pubbcatioD, Ma> 2, 1934) 

In a previous paper (Gates, 1933-34) the absorption spectrum of 
Northrop’s crystalline pepsin was shown to have a characteristic shape 
similar to that of certain amino acids (Gates, 1928), corresponding to 
the essential protein nature of the enzyme (c( Northrop, 1929-30, 
1932-330, Sumner, 1933) 

As a possible step toward more definite knowledge of ensyme struc 
ture It IS of interest to know whether the destruction of pepsm activ 
ity vanes in the same way with different wave lengths as does the 
absorption of energy m the different parts of the spectrum 

The changes produced in pure crystalhne pepsm by ultra violet 
radiation were studied in two pnnapal ways (1) by direct determma- 
tion of the absorption spectrum of pepsin inactivated by ultra-violet 
energy, and (2) by measunng the activity of pepsin solutions after 
irradiation with different bands of wave lengths of the mercury vapor 
arc spectrum As in the previous work (Gates, 1933-34), all of the 
pepsm preparations used were obtained through the kindness of Dr 
John H Northrop 

I 

The Ahsorphon Spectrum of Crystalline Pepsin Inactivated hy 
Ultra Violet Radiation 

Early absorption tests made upon different preparations of pepsin 
after irradiation wnth the total radiation from a quartz mercury vapor 
arc and with single wave lengths obtained b> means of a crystal 
quartz monochromator (Gates, 1929-30), mdicated that definite 

* This paper is one of several in which arc presented results of work completed 
bj Dr Frederick L Gates before his death on June 17 1933 The manuscripts 
have been prepared by Professor \\ J CrozierandDr R H Oster 
26S 
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changes occurred in the absorption curve of pepsin solutions exposed 
to high inadent energies These changes were espeaally marked in 
the region of the spectrum between 2400 and 2750 A u 
Numerous tests earned out on different preparations of pepsm (of 
vailing stages of punfication) produced essentially similar curves of 
absorption at correspondmg inadent energies Only tests made on a 
highl}" purified preparation of crystalhne pepsm (Lot 4) are considered 
here 


EXPERIMENTAL 

High!} purified cnstalime pepsm (Lot 4) havmg the characteristics 2X 
crvstalhne pepsm m ii/10 sodium acetate, pH 5 0, protem mtrogen — 21 4 mg 
per ml , (P U — 4 4, i\'as diluted to 1 m 25 uath m/10 sodium acetate, pH 5 0 
(b} qumh} drone electrode) Two 25 ml samples of this solution were pipetted 
mto 9 cm Petn plates covered with cellophane, the control was also covered with a 
plate of soda glass (1 55 mm thick) Exposure was at 30 cm from an air-cooled 
horizontal quartz mercuri I’apor arc operated at 67 volts and 5 5 amperes Durmg 
the exposures the temperature of the specimens vas maintained between 20 and 
22®C bi a bath of ice water 

At mtervals of 20, 60, 180, and 360 mmutes 5 ml samples vere remoied for 
tests of the pepsm activit> bj the hemoglobm method of Anson and JIirsLj (1932- 
33), and for absorption tests The latter tests were made as previousl}' desenbed 
b} Gates (1930-31, 1933-34), usmg a quartz sector photometer (Judd-Lewis, 1919, 
1921) and a large quartz spectrograph The pepsm solution, as irradiated, along 
with a control solution of the soh ent (m/10 sodium acetate buffer, pH = 5 0) vas 
pbced m rmcro-Bali photometer tubes m the path of twm beams of hght from 
the tungsten-iron spark source Variation of the length of the solution m con- 
junction with the sector i-anes of the photometer permitted a wide range m the 
mtensiti of the transmitted energies 

From the spectrograms thus obtamed the absorption curves were plotted m 
terms of the molecular exUncUon coeffiaents as a function of wave-length (Fig 1) 

The oirves of Fig 1 show a progressive change m the S shape of the 
absorption curve with increasing penods of exposure For analysis 
the curves may be dixdded into four regions (1) the slope upvard be- 
tween 5100 and 2850 A u , (2) the peak at 2775 A u , (3) the valley at 
2500 A u (4) the upward slope from 2475 to 2300 A u Irradiation 
did not greatly afiect the peak at 2775 A u , or the final slope between 
2475 and 2300 A u but the absorption m (1) broadened into the near 
tiltra-x'>o''et and (5) filled up 
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Points plotted from data secured on unexposed control solutions and 
on specimen solutions exposed for 6 hours under soda glass are in close 
agreement with those of solution Ai exposed for 20 minutes This 
indicates that relatively long exposures to radiation of shorter wave- 



Fig 1 Curves showing the absorption spectra of solutions of pure cr>stalline 

pepsin (5 65 rag per ml ) in n/ 10 sodium acetate buffer, pH 5 0 irradiated for 
different penods of time at 30 cm from an air-coolcd horuontal quarU mcrcur> 
vapor arc operated at 67 volts and 5 5 amperes Clear circles represent points 
obtained on solutions irradiated 20 minutes triangles 60 imnutcs, crosses 180 
minutes and sohd ardes, 360 minutes 

lengths than those transmitted by soda glass are required to change 
appreciably the absorption spectrum of the pure enzyme 
Absorption tests on solutions of pepsin (at the same dilution and 
pH as the above) \vith higher energies gave results similar to those of 
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Fig 1 witli a further nse m the curve at 2500 A u and with a further 
broadening out of the absorption into the near ultra-violet and blue 
region of the spectrum 

Crystalhne Pepsin Inactivated by Heat 

To test for any change in the absorption spectrum of pepsin due to 
heat, a pure preparation of crystalline pepsin (21 4 mg protem mtro- 



V/ave-lengths in {m 

Fig 2 The absorption spectrum of pepsm mactivated by heating to 65°C for 
5 minutes, compared -mth the normal absorption spectrum Clear circles repre- 
sent pomts on the ultra-wolet absorption curve of pure crystalhne pepsm (0 1412 
mg per ml , pH 4 9) at 100 per cent activity Sohd circles represent pomts on the 
absorption cun'e of the same pepsm solution mactivated by heat, activity, 43 5 
per cent 

gen per ml in n/10 sodium acetate buffer, pH 5 0) was diluted 1 in 
25 with n/100 HCl ' A 5 ml sample of this solution was heated for 
5 minutes at 65°C while an equivalent sample was held as a control 

^ Later tests of the pH of the diluted pepsm solution indicated that the pH at 
the time of the absorption tests was probabh between 4 9 and 5 0 The n/100 
HCl had probabb detcnorated 
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Both samples were then diluted 1 m 40 with n/ 100 HCI and their 
activity was tested by the hemoglobm method and read against the 
tyrosine standard set at 20 On the basis of the undiluted pepsin the 
heated sample showed an activity of (P U ) = 1 18, or a S6 S per cent 
loss m activity m the heated sample 
Both samples were studied spectrographically in the ultra violet 
with the Judd Lewis photometer and micro Baly tubes as described 
previously On plotting the absorption curves (Fig 2) it is evident 
that there is not enough difference between the two to be significant 

n 

The Inactivation of Crystalline Pepsin by Ultra Violet Radiation' 

It IS essential that a correlation be made between the changes in 
the absoiption spectrum of crystallme pepsin as a result of irradiation 
and changes in the activity of the enzyme To obtain such data tests 
of the proteolytic activity of pepsin after irradiation vere made 
Early tests of the activity of pepsin solutions by viscosity measure 
ments (Northrop, 1932-33a) on the rate of digestion of edestin after ir- 
radiation of the enzyme solutions, showed that exposure tonarrowbands 
of wave lengths for 1 and 2 hours was not sufiiaent to produce an> 
appreaable inactivation, but that 35 mmute exposure at 30 cm to the 
total radiation from an air cooled horizontal quartz mercury vapor arc 
was suffiaent to inactivate the pepsin at dilutions of 0 002 mg pro 
tein mtrogen per ml 

Tests of the activity of the highly purified pepsin solutions used in 
obtammg the absorption curves given in Fig 1 verc made by the 
hemoglobin method of Anson and MirsUy (1932-33) For the ac- 
tivity determinations the pepsin solutions (as irradiated, see above) 
were further diluted to 1 in 40 mth ii/lOO HCI to give a pH of 2 7 

* The results of a number of tests on the activit) and the absorption spectra of a 
number of preparations of crj-stalline pepsm of varying punUes at different con 
centra tions and at different levels of pH, agree essentially with those reported here 
and are therefore omitted to avoid undue repetition In these tests the activits 
of the irradiated pepsm solutions was tested by several methods the dissolnng 
action on gelatin (Northrop and Hussey, 1922-23 Northrop 1939-30) and on 
gelaun films (Gates, 1927, 1930), and the rate of digestion of casein and of 5 per cent 
edestin ns measured by the viscosimetnc method (Northrop 1932-333) 
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1 ml of this 1/1000 dilution was used in each test (Table I), blank 
tests on hemoglobin using 1 ml of m/100 HCl in place of pepsin yielded 
no coloration vuth the phenol reagent (Folin and Ciocalteau, 1927) 

All irradiated and control specimens were clear in color, except- 
ing the 3 and 6 hour exposure specimens (As and A^) which showed a 
yellow coloration Ai had the odor of fresh unne or stale straw 
The results of these tests, with the calculated pepsin activity, 
(P U )^, are given m Table I 


TABLE I 

Pepsin Activity Measured by Titration with Hemoglobin (Anson and Mtrsky, 

1932-33) 

Samples irradiated with the total radiation from a horizontal quartz mercury 
vapor arc at 30 cm , operated at 67 volts and 5 5 amperes 


Sptamcn 

Penod of 
irradiation 

1 Colorimeter readings (standard set at 20) 

(PU)«f 

Activity 




Average 

X 100 

Control 

mtn 

0 

11 8 

11 8 

11 8 

■ 

1 5 

per cent 

A. i 

20 

11 2 

11 2 

11 2 

Bn 

1 6 

100* 

Bi i 

1 

20 

11 2 

11 4 

11 2 

11 2 

1 58 


A, ^ 

60 

14 0 

14 0 

14 1 

14 0 

1 24 

79 5 

Bj 

60 

11 4 

11 5 ! 

11 4 

11 4 

1 56 


A, 

180 

16 2 

16 3 

16 4 

16 3 

i 1 04 

68 5 

B, 

ISO 

11 8 

11 6 

11 6 

11 7 

1 52 


A4 

360 

31 4 

31 3 

31 3 

31 3 

0 478 

32 4 

B, 

360 

11 9 

11 9 

11 9 

119 

1 49 



* Since \i and its control exposed under glass, Bi, are close together and Bz, Bs, 
and Bi fall o5 gradually from the first figures and are all above or equal to the 
uncxposed control, it is advisable to regard 1 59 as representing 100 per cent and to 
calculate the per cent loss in activitj on this basis 


On plotting the percentage pepsin activity seimloganthmically 
against the period of irradiation a straight line is obtained, indicating 
that the pepsin is inactivated in a first order reaction with a one- 
quantum relationship, assuming the energy flux to be constant 
Northrop (1933-34) found a similar relationship between the energy 
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and the rate of inactivation for pepsin solutions at different pH values 
(see also Collier and Wasteneys, 1932, Hussey and Thompson 
1923-24) 

Since the activity tests show a mass reaction (one quantum) curve, 
presumably a single reaction takes place, and the successue curves 
(Ai — A^) represent muxtures of the pre and post irradiated substance 
On this assumption the reciprocals of the valley points at 2500 A u 
should bear some relation to the change in activity of the pepsin 
The successive values are given in Table H vnih the respective pepsin 
activities for companson 


TABLE n 

Pepsin Activity Estimated from the Reciprocals of the Ordinates of the Absorption 
Curves of Fig I at Wave Length 2500 A « for Pepsin Solutions Irradiated 
for Varying Periods of Time 


AbsorpUoo curve 

Curve ordinate at 
2SOO Au 

Reap ocab o( 
oraiD tes 

Uecha ^edpepaio 

Tepsia lelinty’ 




p<f ceni 

per cttil 

A, 

1 9 

0 526 

100 

100 

Ai 

2 34 

0 425 

80 8 

79 S 

A, 

2 85 

0 351 

66 7 

68 5 

A, 

5 68 

0 176 

33 4 

32 4 


* On the assumption that the reciprocal of the ordinate in Curve Aj represents 
unchanged pepsin at 100 per cent activit>, the other activities arc in the ratios 
given in Column 4 of Tabic II 


Since the actual ratios of pepsm activity found by the hemoglobin 
method are given m Column 5 of Table H, the agreement vith the 
values obtained from the reaprocals of the absorption ordinTtes 
(Column 3) suggests that the destruction spectrum of pure crj'StalJinc 
pepsin coincides w ith its absorption spectrum, at least in this region of 
the ultra violet If we assume the final substance to ha\c a straight 
line absorption between 2850 and 2350 A u the curve would cross the 
2500 Au line at about 20 0 This point, considered as above, cor 
responds to an activity of 10 per cent 
Although the agreement between the values of Columns 4 and 5 
of Table II is close, certain relations between the pepsin concentration 
and the absorption coefficient should be kept in mind 
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If vre let C — the concentration of pepsin at any tune t 
and Co — the original concentration of pepsin 
then Co — C — the reaction products at time t 
Now letting i3 — the e'ctinction coeffiaent of pepsm, 

7 = the extinction coefficient of the reaction products, 
/ix - the absorption coefficient of the mixture at time (, 
and /Xo = the imtial absorption coeffiaent, 


then 

^x = C0-\-iCo-Ch 

(1) 

from which we get 

C — (smee y> P) 

(2) 


y-fi 


and 


(3) 

or 

Co “* C = 

(4) 


Equation (4) implies a Imear relationship between the amount of 
inactivation and the change m the absorption coefficient, and hence is 
not in accordance with the data of Column 5, Table II Two ex- 
planations may be advanced to explain this divergence (1) error in 
the determination of the ordinates from the curves of Fig 1 at 2500 
A u , and (2), a further change in the reaction products resulting in an 
increased absorption with increasing penods of exposure 

III 

T/ic Dcslrnch07i Spectrum of Crystalline Pepsin 

To determine the relation existing between radiant energy absorbed 
by the pepsin and the amount of inactivation, a senes of tests was made 
in which pure crystalline pepsin from the same preparation already 
desenbed was diluted to 1 in 500 with n/100 HCl, at pH 2 06, and 
exposed in two cells (5 X 5 X 23 mm ) cut in a glass block and faced 
by a 2 mm quartz plate, by means of a large quartz monochromator 
(Gates, 1929-30) Specimens were irradiated for different periods 
at four different calibrated scale settings of the monochromator At 
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each of these settings the exit sht of the monochromator was so ad 
justed that a band of known wave lengths was mcident on the expo 
sure cell To obtain the energy absorbed by the solution the intensity 
of the mcident and transmitted radiation was read with a sensitive 
four-junction thermopile and a sensitive Leeds and Northrop gal- 
vanometer During the exposure the control cell was cut off from 
direct radiation by the exit slit of the monochromator Due to the 
veiy small free surface there was very little evaporation from the test 



Incident energy m ergs per mm ® 

Fig 3 The inactivation of pure crystalUne pepsin, pH 2 06 by ultra violet 
radiaUon at different parts of the spectrum, Curve 1 the band of wave lengths 
between 2300 and 2400 A u Curve 2 242S to 2570 A u , Curve 3, 2640 to 2820 
A u , Curve 4, 2860 to 3131 A u 

samples If evaporation could be delected the specimen was made 
up to the correct volume (0 575 ml ) by addition of n/100 HCl 
After irradiation speamens were removed from the exposure cell 
with capillary pipettes, placed in conical centrifuge tubes, measured 
with 1 ml pipettes, and an equal quantity of n/100 HCl was added to 
give a final diluUon of 1/1000 of the onginal pepsm solution 
The exposed, control, and stock speamens were tested for acUvitj 
by hemoglobm proteolysis, usmg one half quantities throughout 
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After mixing, the specimen was kept at 35 5°C for 5 minutes and then 
read against a carefully prepared tyrosine standard obtamed from Dr 
P A Levene During the exposures the temperature of the spea- 
mens varied between 25° and 27°C 


TABLE in 


Protocol of Tests of the Rclatioit between Absorbed Energy and the Amount of 
Inactivation of Pepsin (pH 2 Q6) at Different Bands in the Ultra-Violet 


Exposure time 

O 

Pepsin activity 

Energy required 
to inactivxte SO per 
cent of pepsin 

Incident 

Ab 

sorbed 



per 

ergs/ 

‘rgst 



cent 

mm 1 

mm ^ 

45 

2 14 

68 6 




3 12 




90 

1 43 

45 6 

87,000 

77,500 


3 12 




60 

2 58 

82 7 




3 12 




180 

1 84 

59 0 

617,000 

305,000 


3 12 




60 

2 18 

84 4 




2 58 





2 58 


468,000 

230,000 

120 

2 00 

74 0 




2 70 




120 

2 60 

98 5 




2 64 




120 

3 12 

100 0 




3 12 





E 

fi 

M 

c 

o 

E 

G 

s. 

tn 


Energ> 


Incident 


2357 

(2300-1 

2400) 


2509 

(2425- 

2570) 


2719 

(2640- 

2S20) 


2930 

(2S60- 

3151) 


A, 

Bi 

A, 


t erjj/«m 

4 96 X 10‘ 
9 92 X 10‘ 


Cl 15 7 X 10‘ 

D. I 
C: 47 3 X 10‘ 

D: i 

r, lo 4 X io‘ 

G. I 

Co*' 

r. 20 s X 10' 

Gj ! 

H. 49 9 X 10' 
Ii 

H 49 9 X 10' 

I. 


Absorbed 


ergs/mm » 

4 26 X 1C 

8 52 X lO'l 

I 

I 

7 5 X 10' 
22 5 X 10' 

5 3 X 10' 

10 6 X 10' 

USX lO^^ 
USX 105 


14 X 10' 


1 97 X 10' 


2 62 X 10' 


Flask control 


From calculations of the relative energies of the wave-lengths in- 
cluded in each of the four bands of the spectrum used, the relative 
absorption of the pepsin solutions at these w^ave-lengths, the relative 
transmission of energv*, and the relative efficiency of each wave- 
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length in contnbutmg absorbed energy, it was found that the hght 
acted practically as though concentrated at the following points 

Monochromator setting 110 95 78 65 

Point Vkave length *« *1 « 2357 2509 2719 2930 



Fig 4 Comparison of the destruction spectrum of Northrop scrj*stalhnc pepsin 
vvith its absorption spectrum Clear circles represent points obtained mth a pure 
crystalline pepsin preparation (0 2376 mg per ml ) in n/100 HCl, pH 2 54 on the 
normal absorption curve Solid arcles represent the rcaprocals of the energj /1 00 
required to inactivate 50 per cent of the pepsin (0 1412 mg pepsin per ml) in 
u/100 HCl, pH 2 06, plotted against the pomt \s-ave length (Sec text ) 

Tests of the pepsin activity translated into percentage of activitj 
remaining give straight lines \ihcn plotted scmiloganthmicall) against 
the inadent energy (Fig 3), indicaUng the same one quantum rela 
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tionship already suggested Protocols of these experiments are sum- 
manzed m Table III 

If we assume that the inactivation effiaency of the various wave- 
lengths is proportional to their respective absorption coefficients, the 
ordinates of the destruction curve may be calculated from the relation 

^ _ (In Ca/C)t (t /)i 
cj (In ColC)i {t i)t 

v/here ai represents the extinction coefficient determmed by the de- 
struction at a reference wave-length Xi and ai represents the coeffi- 
cient at any other v/ave-length Xz Co and C represent the concentra- 
tion of active pepsin at the begmnmg and after a period of exposure i, 
and t IS the intensity of the inadent radiation Kubowitz and Haas, 
1933) 

Calculation of the number of quanta absorbed (2 X 10 “) and the 
number of molecules of pepsin inactivated (5 6 X 10“) at the pomt 
wave-length 2357 A u , indicates that the one-quantum relation holds 
at this wave-length under the conditions of the experiment Smce 
most of the incident energy is absorbed at 2357 A u , the extinction 
coefficient has been substituted for ai as the point of reference in cal- 
culating the other values of a by the above equation (Column 10, 
Table III) 

These values when plotted as a function of wave-length (points 
represented by solid arcles in Fig 4) give the approximate curve of 
the destruction spectrum of pepsm 

TV 

discussion 

Comparison of the destruction spectrum of pure crystalhne pepsin 
v.ith the absorption spectrum (Gates, 1933-34) reveals an essential 
agreement m the location of the maxima and minima of the two curves 
for the several bands of wave-lengths tested However, it should be 
noted that an exact agreement docs not exist betv/een the two curves 
at 2719 A u , with the present method of companson Furthermore, 
a companson of the incident and absorbed energies required to inac- 
tivate 50 per cent of the pepsin shows that considerably more energy 
must be absorbed at the wave-lengths 2509 Au and 2719 Au to 
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inactivate a given amount of pepsm than would be required if a 
quantum yield of one (as mdicated at 23S7 A u ) holds for each of 
these wave lengths From the loganthmic rate of mactivation (Fig 
3), and from the change m the absorption spectrum as the reaction 
proceeds with mcreased exposures to the radiation (Fig 1), it is prob 
able that the diflFerences observed may be due to varymg absorption 
of energy by the products of the reaction 
Kubowitz and Haas (1933) describe a similar correspondence be- 
tween the destruction spectrum and the absorption spectrum of urease 
(Sumner, 1926) (with the exception of a discrepancy in the values of 
the absorption coeffiaents at the wave length 2S4 m/i) 

As previously noted for the absorption spectra (Gates, 1933-34), 
there is considerable agreement between the destruction spectrum of 
pepsm at this level of pH (2 06) which Northrop (1933-34) has shown 
to be in the range of optimum mactivation by ultra violet radiation, 
and the destruction spectrum of urease 
In connection with the protein nature of pepsm it is of interest to 
note the parallelism of the observed increase in the total absorption 
of energy by pepsin mactivated by ultra violet radiation aith the 
increase in total absorption and loss of the speafic absorption band 
near 265 mp by tuberculin after ultraviolet irradiation (Spiegel 
Adolf and Seibert, 1933) 


SUMMARY 

Detenrunation of the absorption spectra of pure preparations of 
Northrop’s crystaUine pepsin inactivated by irradiation with ultra 
violet hght shows that the total absorption in the ultra violet 
region of the spectrum increases with the degree of mactivation This 
increase is espeaally marked between 2400 and 2750 A u The rate 
of photoinactivation is shown to be sensitive to changes in pH, 
mcreasing with lower values, and evidently bears a one quantum rela 
tionship to the energy flux Tests of the rate of mactivation of pep- 
sm exposed to several different bands of the ultra violet spectrum, in 
relation to the absorbed energy, indicate that the destruction spectrum 
of the enzyme agrees essentially with its absorption spectrum and is 
similar to that of urease 
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THE TEMPERATURE COETFICIENT OF INACTIVATION 
OF CRYSTALLINE PEPSIN BY ULTRA VIOLET 
RADIATION 

Work by FREDERICK L GATES* 

{From the Laboratory of General Pkyetology, Harvard University Cambridge) 
(Accepted for pubbcation, Ma> 2, 1934) 

In determining the destruction spectrum of Northrop’s crystalline 
pepsin (Northrop, 1929-30, 1932-33, 1933-34, Gates, 1933-34) and 
the changes m the absorption spectrum with mactivation of the 
enzyme by ultra violet irradiation, it was noted that increase in the 
temperature to 65°C for 5 minutes resulted in the inactivation of 
more than 50 per cent of the pepsin The question remains as to 
how fluctuations in temperature will affect the rate of inactivation 
produced by the absorbed radiant energy 
From the nature of the reaction, ta the indicated single quantum 
relationship between the inactivation of the pepsin and the inadent 
energy (Gates, 1934-35), it might be assumed that the process was 
direct or physical rather than chemical, and that a low temperature 
coeflicient approaching unity would be obtained To test this point 
and also to deterrmne the effect of temperature fluctuations during 
the exposure period, experiments were performed in which ciystalhne 
pepsin (Lot 4) in sodium acetate buffer, pH 5 0, was diluted to 1 in 
500 with u/lOO HCl, pH 2 1, and exposed for different periods at 
several temperatures to radiation of wave length 2357 A u 
The solutions and controls were exposed m the quartz faced glass 
cells previously described (Gates, 1933-34), in a large quartz mono 
chromator (Gates, 1929-30), with the temperature maintamed at the 
desired level by a glass water chamber constructed on the side of the 
cell away from the exit slit of the quartz monochromator Into this 

* This paper is one of several in which arc presented results of work completed 
bj Dr rredench L Gates before his death on June 17 1933 The manuscripts 
have been prepared bj Professor W J Croaicr and Dr R. If Ostcr 
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chamber a constant stream of water flowed from a storage vessel 
which could be heated by an electric heater or cooled by ice cubes 
During the exposure the control cell was protected from direct radia- 
tion by the exit slit of the monochromator 



Incident energy in ergs per 

Fig 1 The rate of inactivation of crystalline pepsin, at pH 2 1, by ultra-violet 
irradiation at 2537A u , for different penods of time, at two different temperatures 
Solid circles represent calculations on the basis of 100 per cent activity for the 
corresponding controls Clear circles represent points calculated on the basis of 
100 per cent for the flask control 

After irradiation the exposed specimens and their controls, along 
■nith flask controls, were tested for pepsin activity by the hemoglobin 
method of Anson and !Mirsky (1932-33) 

The protocol of tests earned out at 22° and 8°C is given m Table 
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I The pepsin activity for each spenmen and control has been cal 
ciliated by the equation used by Anson and Mirsky (1932-33, p 61) 
To determine the inactivation due to the absorbed ultra violet energy 
alone, the per cent activity has been calculated on the basis of 100 
per cent activity for each control 

TABtE I 


Experiments on the Inactivation of Pepsin Solutions by Ultra Violet Irradiation 
at 25o7 A u , pB 2 i, at Two Temperatures Pepsin Activity Determined 
by the Hemoglobin Method 


Sped 


Period 

Energy 

Colonm 

eter 

reading 

average 

g 

X 

& 

Pepsin 

Energy to 
Inactivate 50 per 
cent o( pepsin 
Incident 



exposure 

Incl 

dent 

Trans- 

mitted 

Absorbed 




C 


tttfl 
mm * 

eretl 

mm * 

rfft/mn * 



(ctU 

ftr 

(tni 



Ai 


37 24' 


7 850 

19 950 

14 9 

1 1S2 

80 2 

66 7* 



B, 

' 8 

— 




12 3 

1 438 





A) 


74 48' 




||M 



42 8* 



B, 


— 




12 2 

1 449 





Co 


Flask 





1 728 







control 










D, 


37 24 

30 880 


21 920 

15 9 


71 8 

62 5* 



El 

22 

— 





1 675 




^^9 

D. 


74 48 

IBB 


39 12 



49 2 

42 S* 



E, 


— 




118 

1 505 

^1 





* On the basis of flask control — 100 acUvit> 


On plotting the per cent actinty of each speamcn at the given 
temperature as a function of the madent energy, a straight line may 
be drawn through the points (Fig 1) according to the one quantum 
relation found in previous tests (Gates, 1933-34, Northrop, 1933-34) 
For the values calculated on the basis that each corresponding control 
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represents 100 per cent pepsin activity (solid arcles) tlie line does 
not stnke the ongin, due probably to stray light and otlier external 
factors The temperature coefficient on tins basis, obtained by taking 
the reciprocal of the energy ratios for a 10° change in temperature 
(Column 11, Table I), vas found to be 1 024 If we use the activity 
of the flask control as 100 per cent activity the resultant curves 
strike the origin (clear circles) and the temperature coefliaent is 1 020 
In either case the temperature coeffiaent is so near to unity tliat a 
direct inactivation of the enzyme by the absorbed energy is indicated 
Hussey and Thompson (1925-26) found a similar situation for the 
inactivation of pepsin by radiations from the radioactive products 
in equilibrium with radium emanation 

CONCLUSION 

Determinations of the temperature coeffiaent of inactivation of 
pure crj'Stalline pepsin solutions by ultra-violet irradiation give values 
very close to unity (1 02) 
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THE ACCUMULATION OF ELECTROLYTES 
Vn Organic Electrolytes 
Part 2* 

Bv A G JACQUES 

(From the Laboratories oj The Roctcfellcr Institute for Medical Research) 
(Accepted for publication May 4 1934) 

The first part of this paper demonstrates a marked preponderance 
of morgamc cation equivalents m saps from the leaves of Rheum, 
Rumex, and Oxahs In this connection it seemed desirable to examine 
the data in the literature There are very few analyses of plant saps 
suffiaently complete for our requirements and these deal chiefly with 
cells free from chlorophyll, which are not very useful for our present 
purpose ‘ But there are numerous cases in which leaves or entire 
plants were ashed and analyzed (these will be referred to as analyses 
of total ash) 

A selection of the published leaf ash analyses has been treated m 
such a way as to show the proportion of cation to anion equivalents, 
(o) in the total ash, and (i) in the cell sap In amving at the latter 
values (Column 15, Table I, p 284) the probable composition of the 
sap has been calculated by means of certain corrections apphed to the 
total ash anal) ses, according to the scheme outlined below ’ 

It was recognized that to calculate the composition of the sap de 
ductions should be made from the data for total ash to account for 
the following 

(а) Polar substances precipitated m the cells (c g calaum oxalate, 
carbonate, pectate, and silica) 

(б) Substances which yield on ashing inorganic substances, ongi- 

*Part 1, J Gen Physiol 1934-35 18, 235 

'Sec for example, the anal) ses of orange juice lemon juice etc. in the lUeraturc. 

* FeiOa and SiOj are usuallj reported in ash analj ses but since little is known 
of their mode of entrance into the plant except that they arc probably colloidalli 
dispersed they ha\c been omitted from both total ash and sap analyses 
2S3 
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nally present in non polar linkages (e g chlorophyll yielding MgO and 
proteins yielding SOj ) 

(c) Substances insoluble in water but dissolved in the non aqueous 
part of the protoplasm which yield on ashing inorganic ovides (eg 
leathin jieldmg PjOj, calcium diglyceryl phosphate yielding both 
PiOs and CaO) 

(d) Inorganic anions and cations in combmation with proteins in 
the protoplasm But any protcinatcs in the protoplasm must haae 
been formed by the interaction of J/OH ivith the aad part of the pro 
tein and this is practically equivalent to the entrance of MOH so no 
deduction wall be made (M is any inorganic cation) 

(c) Inorganic anions and cations in solution in the intercellular 
liquid 

(/) Inorganic lonogemc substances in the protoplasm 

There is unfortunately no way of estimating these last two corrcc 
tions But It may be assumed that the amounts involved arc small 
compared with the amounts of inorganic substances m the cell sap 

We shall now consider each of the ash constituents in turn in order 
to determine approximately what corrections should be applied 

Sodium and Polassiitm — The idea that the alkah metaU can be held inside 
cells in non polar linkages seems to be /airly preralent * But the recent invest! 
gallons o£ Weavers, ‘ Pension,® Lloyd* JIaquenne and Demoussy,’ Canals 

®hlitchell P II, General physiology, New York McGraw Hfll Book Com 
pany 1923 88 Guillemin hi , and Larson, W P / Inject Dis , 1922 31, 
349 Camlong S and Gencvois, L Bull Slat bwl 4 reaction, 1930 27, 209 
Macallum A. B J Physiol 1904-05, 32, 93 Stoklasa, J Bioehem Z Berbn 
1917 82,310 Z landvi Versuchsitesea OslerreicJt 1903 11,52 Bialascewicz, L , 
quoted from Needham J , Chemical embryology Cambndge University Iress 
1931 1, 363 Inozemtzev (Inozcmtxev, S I , Ergebn Veg Lab Vers Pryanish 
nilod 1930 18, 85) has reported that when the pbnt sap is electrodialyzed up 
to 84 per cent of the total potassium in mature plants cannot be dialyaed and 
of the dialvzable portion an appreciable part goes to the anode He argues from 
this that most of the potassium must be completely bound in an organic 
compound 

® Weev ers T , Rec. trav hot nferl 1911 8, 289 

‘Pension (Pension N L Im / Bol 1931 48, 673) states that all the 
potassium of potato tissues is in the cytoplasm or vatuole- 

• Lloyd, r E Flora 1925 118-119, 309 Lloyd, P E , and Moravek, V 
Plant Physiol , 1928 3, 101 

® Maquenne L and Demoussy E Compt rend dead 1914, 188, 1400 
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Canajc, and Cabanes,® Kostytschew and Ebasberg,® and Hill and Kupalov^® 
indicate that this is not the case “ This conclusion seems probable on chemical 
grounds, for it is clear that according to the modern theory of valence it would 
be \cry difficult to form compounds of sodium and potassium (second and third 
members of the a subgroup of Group 1) m which the metal is covalently instead 
of clectrovalently bound The organic compounds of these elements which 
have been investigated are salt-like m character (with one or two possible excep- 
tions) Those in which the metal is not directly linked to a carbon atom, such 
as salts of organic acids, are m general soluble and are hydrolyzed more or less 
according to the strength of the acid Those in uhich the metal is apparently 
joined to a carbon atom are such as the alkali alkyls (eg NaCHj), the alkali 

aryls (eg NaCJI), the alkah alkyl aryls (eg CsHi— CNa), are extremely 

C.H6/ 

unstable, some of them uniting explosively with oxygen when exposed to the air 
and all of them being decomposed violently by a trace of moisture They are 
also salt-hke in organic solvents It was formerly supposed by Schlenk and 
Holtz*® that the colorless compounds of this group were non-polar but it has 
since been established by Hem and his coworkers*'* that like colored members 
thci are ionized in suitable solvents For example, sodium ethyl and other 
colorless compounds of this class conduct electrolytically m zinc ethyl which is 
Itself a non-conductor Accordingly, as Rodebush*® points out, if we could 
liqucfv a compound such as sodium ethyl without decomposition we have every 
reason to suppose that it would show the ionization and conductance of a fused 
polar salt Other groups of metal to carbon linkage compounds are formed by the 
addition of the metal to unsaturated groups, such as — C = C — and — C — N — 
and — C " O — , and by the addition of alkah alkyls and aryds to — C — C — Al- 
though the physical chemistry of these compounds has not been investigated 


® Canals, E , Canay c, J , and Cabancs, E , Bull Soc chtm hwl , 1930, 12, 1022 
®Kost%lschc\\, S , and Eliasbcrg, P , Z physiol Client , 1920, 111, 228 
*® Ilill, A V , and Kupalov, P S , Proc Roy Soc London, Scries B, 1930, 
lOG, 445 

** Sec also W illstattcr and Stoll (Willstattcr, R , and Stoll, A , Untersuchungen 
liber Chloroplull, Berlin, Julius Springer, 1913) uho nowhere find that native 
chlorophill contains potassium 

Pajans, K , Natuniisscuschaflcn, 1923, 11, 165 
*’ Schlenk, \\ , and Iloltz, J , Bcr chem Ges , 1917, 60, 262 
** Hem, r , 7 rJellrochctr , 1922, 28, 469 Hem, P , Petzchner, E , Wagler, 
K , and ‘'C^ilz, P A , Z anorg u allg Clicm , 1924, 141, 161 Ilein, P , and 
‘'cpilz, P V , Z arorg u allg Chetr , 1926, 168, 153 
*^ Rodebu<^h, W H , Cl cir Rir , 1928, 6, 526 
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carefully it may be assumed that they also are polar In an} case the} are 
decomposed b} water ver> readil} ** 

This suggests that the possibihty of the occurrence of non polar compounds of 
sodium and potassium in plant tissues is remote, as mdeed Kost}tschew and 
Eliasberg* concluded on experimental grounds 

It IS possible also that a part of the alkahes appearing in the ash may be denved 
(a) from insoluble salts This is unhlel} because of the general solubility of 
alkali salts in water (6) From salts dissolved m the oily part of the protoplasm 
In this connection it has been suggested m a former paper*’^ that HA., the sub- 
stance in the protoplasm, which furnishes anions to transfer cations between 
the outside and the vacuole may be a diglyceryl phosphoric acid Hundeshagen* * 
has shown that the alkali salts of such compounds arc more soluble m some non 
polar solvents than m water and Chibnall and his coworkers** have found similar 
substances m the protoplasm of a variety of cabbage {Brossxca oleracea, L ) and 
crow s foot grass (Dactylts glomerata, L ) in the form of the calcium salts It 
IS of course, quite improbable that any o^ the purely inorganic salts of sodium 
or jMtassmm will be as soluble m the oily part of the protoplasm 

Probably also m some leaves a certam amount of alkah protcinatcs is dispersed 
In the protoplasm In others the protein is cationic. 


**Sorae recent work by Sidgwick and Brewer (Sidgwick N V , and Brewer 
r M / Chem Soc , 1925, 127, 2379) suggests that organic compounds m which 
sodium or potassium are covalently bnked m chelate rings are possible These 
compounds are the result of the reaction between the metal h>droxide and beta 
diketones and similar compounds Usually the compound is salt like m char 
acter, but in a few cases denvatives have been obtained which arc non polar 
since the} dissolve in toluene and other non h}drox}I organic solvents and have 
defimte melting points The authors assign the following structure to the benzo} 1 
acetone derivative 

H 

I 

CH,^ a yO c^n, 

c,H»— c a x>==(>-c,n» 

in which the metal is bound covaicnti} between two chelate rings. These sub 
stances are ver} unstable in the presence of water 

*’ Jacques, A G, and Osterhout, W J V, / Gen PhynoJ , 1933-34 17, 
727 

**IIundcshagen, r , 7 praht Chem 1883 28, N s,219 
** Smith JAB and Chibnall, A C , Bioc/tem / London 1932 26, 1345 
Chibnall, A C , and Channon, N J Btockem 7, London, 1929, 23, 176 
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Since alkali and alkali protemate are formed by the interaction of alkah hydrox- 
ide with an aad group, no correction will be apphed to the ash anal3'ses to account 
for them In any case the amount of alkah combmed with X is certainly small 
and the calculation below indicates that the correction for alkali protemate does 
not exceed 5 per cent Accordmg to Chibnall and Grover®® the proteins ex- 
tracted from leaves are similar to glutehns but as far as we know the predomi- 
nant plant protems are globulins According to Kodama®^ one of these, edestin, 
has a combining -u eight of 5402 at pH 9 34 The pH outside the protoplasm 
ma> possibl} reach this value due to photosynthesis Svedberg®® has found that 
the molecular weight of edestin is 208,000 Green,®® on the basis of the Debye- 
Huckel theory, has calculated that its “valence tvpe” around pH 7 0 is about 25, 
V hich makes it either qmnqiic-qmnque or 25 valent The latter figure gives a com- 
binmg weight 8320 The true combining weight no doubt hes between this 

75 

figure and 5402 But takmg 5402, then = 0 014 equivalent of alkali 

cations might conceivably be present m the protoplasm m combination with 
protein But Chibnall considers that the amounts of protein he was able to ex- 
tract from leaves are less than the actual amounts present, due to losses of various 
kinds, so that it may be assumed that 150 gm of protein are present in 1000 
gm of drj leaves This amount could hold m combination 0 028 equivalent 
of alkah cations or roughly <3—5 per cent of the total alkali present This 
calculation ignores the fact that at least some Ca and Mg proteinates must also 
be present 

Magucsttm — Magnesium appears to be deposited in plant tissue as phosphate, 
but this IS so rare as to be negligible Some magnesium may also be bound 
bv protein, but here again, magnesium protemate is formed by the interaction of 
Mg(OH): and the acid portion of the protein molecule and no correction has been 
applied The onl} other important non-sap occurrence of magnesium is in the 
chlorophvU In the case of green leaves a correction has been computed for 
each case on the basis of the average amount of chlorophyll m green leaves as 
gncn in the literature Thus WiUstattcr and Stoll®^ found that for the leaves 
of five common trees, the average chlorophyll content was 0 8 per cent of the 
fresh leaves or 2 5 per cent of the dr}' leaves Similar values have been found 
b\ Lubimenko"® and bv Sjoberg ®® 


Chibnall, \ C , and Grover, C E , Bwchem J , London, 1926, 20, 108 
Kodama, K , / Bwl d cm , Japan, 1922, 1, 419 
"Svedberg, T , / p}\s el radium, 1931, 2, 227 
Green, \ , J Bio' O cm , 1932, 96, 47 

'^Willstatter, R, and Stoll, A, Untersuchungen uber Cliloroph} 11, Berlin, 
Juliu' Spnnger, 1913, 112 

^-'Lubimenlo, \ Con pi rend Arad , 1924, 179, 1073 
^'Siuberg K , Btccfcrr Z , Berhn, 1931, 240, 150 
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In general the ash is about 10 per cent of the drj weight of the leaves so that 
100 gm of ash which corresponds to 1000 gm of dry leaves would contain the 
magnesiuni denved from 10 gm of chlorophyll But chlorophyll a or b contams 
about 2 7 per cent Mg which corresponds to 0 27 gm of Mg or 0 0225 equivalent 
of Mg m 100 gm of ash 

Apparently therefore a small but not negligible correction ought to be applied 
to the magnesium ash results for green leaves and this has been done b> assuming 
m each case that the chlorophyll content is 1 per cent of the dry leaf weight of 
the leaves and calculating from the published data the weight of leaves necessary 
to produce 100 gm of ash For example the pure ash of Beta vtilgaru is given 
as 15 09 per cent in Wolff, and hence 669 gm of dry leaf correspond m this case 
to 100 gm ash, and the Mg correction would be 0 0149 equivalent 

Calcium — Calcium occurs m polar but insoluble form, as the oxalate, sulfate, 
and phosphate m plant tissues and according to Chibnall and Channon*^ as Ca 
salts of diglyccryl phosphoric aad, dissolved in the cytoplasm. The results of 
Chibnall and Channon indicate in the case of cabbage leaf that about 2/3 of 
the Ca present is water soluble Kostychev and Berg * find for a senes of plants 
only about 1/3 of the Ca to be extracted by water the remainder being present 
in insoluble lonogenic fonn Calaum may also be present in combination wjtb 
protein as a proteinate and posstblv also combmed in a non polar manner 
In our calculation to sap composition, in order to avoid the inclusion of calaum 
not onguially present as ions we have corrected the ash data by excluding Ca 
entirely 

Iron — ^There is very httle evidence for the assumption that iron is present as 
a cation in leaf sap, although the ash yields appreciable amounts of FejOi How 
ever, Jones*® has suggested recently on the basis of micropreapitation reactions 
that lonogenic iron is widespread m vegetable tissues This is contrary to the 
work of Chibnall and Channon who found no ' soluble iron m cabbage leaf and 
of Maquenne and CengheUi*® who found that the expressed and ccntrifugalized 
juices of romame, lettuce and other vegetables high m iron content contained 
very little iron On the basis of these latter results we have corrected the ash 
data for iron by omitting it from the cations 
Chloride— hs far as wc can determine no compounds have been isolated in 
plants in which chlorine was either present in an insoluble polar compound or 
coordinately bound in an organic molecule Jung*^ who has exammed numerous 


** Chibnall, A C and Channon, H J, Biochem J London 1929, 23, 176 
Kostychev S and Berg V F/a/i/a, 1929 8, 56 
® Jones H W, Btochem J London 1920 14, 654 
Maquenne, L , and Ccnghelli R Bull Soc chtm France, 1921 29, senes 
4 899 

•‘Jung J , Stt iinssbcr K Ahad Wtssensch Math nalunttssensch Cl Uten, 
1920 129,297 
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plant tissues concludes that the chlorine is always present in plants as chloride 
He found most of the chloride in the leaves 

Wood^- found that m the verophytic plants Atnplex and Kochta, which take 
up a great deal of NaCl from the sod, the amount taken up by the leaves was 
roughly a function of the amount in the sod, and that most of it was in the veins, 
not m the cells It is v ell known that seashore plants also take up sodium chlo- 
nde in large quantities, and Wood’s work at once suggests that where the chloride 
content is abnormally high, particularly when the sodium content is also high 
(which seems to be nearly always the case), a great part of it is present as sodium 
chlonde m the vems, and should not be counted as cell sap It is not possible 
to correct for this condition quantitativety But it is a point to be borne in mmd 
wherever the chloride and sodium contents are unusually high Obviously the 
presence of much NaCl m the leaf vems will lower the ratio cations — anions 

Sulfate — ^Brunswik^^ found that crystals of calcium sulfate were abundant in 
the leaves and young stems of the Tamaricaceae, but generally, suKate is not 
present in cr>'stals precipitated in the cells A certain amount of sulfur is present 
in some cases in the form of essential ods, but as these are volatde not much 
sulfate ion wdl find its way into the ash from this source Probably in leaves 
the chief source of sulfate ion which was not ongmally present as such in the cell 
sap IS the sulfur coordinately bound up m the protein of the protoplasm and the 
sap Assuming, as before, that there are 150 gm of protein present for each 
100 gm of ash, if the sulfur content is taken as 1 per cent, the sulfate which 
might be denved from this source would be 0 1 equivalent However, as Ber- 
trand and Silberstein^^ have shown, up to SO per cent of the sulfur present in the 
plant IS lost when the plant is ashed instead of being oxidized by wet methods, 
so that the deduction on this account might be 0 05 equivalent However, in 
order to avoid overcorrection of an anion no correction has been applied 

Phosphate — In some plants calcium or magnesium phosphate crystals occur, 
but this IS rare 

The chief source of phosphoric acid in leaves is probably the phospholipins 
(phosphatides) or related substances of the protoplasm, such as the Ca diglycerjd 
phosphatidatc found bv Chibnall and Channon in the leaf protoplasm of Brassica 
o’cracca Chibnall and Channon found that about 75 per cent of the total phos- 
phate of the leaf is water-soluble, but their ether-soluble phosphoric acid deriva- 
tives accounted for onlv about 10 per cent of the remainder Andre’^ has treated 
dried and powdered lilac and chestnut leaves with alcohol and ether, to extract 
what he calls the organic phosphorus It appears from his results that about 
10 per cent of the total phosphorus, according to this criterion, is organic 


'-Wood, J G, {•(slrahar J Exp Btol and Med 5^,1925,2,45 
Bruns.vik, H , 5i'ri/«g55fr K thad Wtsscnsch Math -naturwisscnsch Cl, 
11 rr 1920,129, 115 

Hcrtrand, G , and Silberstcin, L , Coirpl rend [cad , 1929, 189, 886 
\rdri., G , Con pi rci d lead , 1916, 162, 563 
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In addition to the ^ ell known phosphatides and derivatives, such as Chibnall 
found in leaves and which are knorvTi to be present m larger quantities in seeds, 
Hansteen Cranner, Grafe and Magistns*® have claimed to have extracted 
by water alone phosphatides from hving plant tissues such as carrots, beets, etc., 
without injunng the tissue But this is disputed b> Stevsard 

On the whole it appears that about 80 to 90 per cent of the phosphate in the ash 
was ongmallv present m the cell sap as such and m order to avoid anv suspiaon 
of over correction v,e shall make no deduction from the published phosphate 
figures However, v-e shall regard the phosphonc acid as a dibasic and not a 
tribasic acid because the pH of plant saps is almost always below 7 0 where the 
POi — ion can exist onl> in infinitesimal amounts 
Silica — Sihca is almost alwavs present as deposited SiOj but it is dear that 
m the intracdlular hquid it must be either dissolved or colloidally dispersed, 
smee it makes its waj from the roots and deposits m part in the leaves As 
long ago as 1878 Lange*® conduded that it is present as coUoidallj dispersed free 
sihac acid, and this condusion is accepted by Nanji and Shaw*® m their work 
on sihca m straw These writers, however, bcheve that about 10 per cent of 
the sflica might be present m the form of carboh>drate esters but no such com 
pounds were isolated 

In an> case it may be assumed with confidence that there arc no silicate ions 
in the cell sap, smee as Hagg^® has recentl> sho^vn the dissociation constants 
of HsSiOj uhich he considers to be the only true sihcic oad are of the order 
of 10"® and 10“** 

Accordingly v-e shall assume that the silica of the ash aDal>5es contributed 
no amons to the cell sap 

Ntlrale — It is conceivable that there is present in the sap nitrate ion This 
does not appear m the ash analj'ses It is difficult to estimate what correction 
should be made but it may be conduded that it is small Thus accordmg to 
Campbell s results^* for twenty five weeds the nitrate nitrogen did not exceed 
0 80 per cent of the dry weight of the plant tissue In most cases it was much 
less and at matunty it was almost alwa>'S absent 

There are present also basic mtrogen compounds such ns ammonia and organic 
bases which arc cationic at the Cn encountered m leaf saps These also dis 
appear in ashing so that the error due to the failure to account for anionic nitro- 
gen IS offset to some extent 


**Magistris H , Ergchn Physiol 1931, 31, 165 (an account of the ^ork on 
phosphatides with an extensive bibliography) 

” Steward V C , Bnl J Lxp Biol , 1928-29 6, 32 Bwchem J , London, 
1928 22, 263 

Lange W Ber chm Ges 1878 11, 822 
*®Nanji, D R and Shaw W S / Soc Chan Itid London, 1925 44, IT 
^®Hfigg G Z auorg u dig Chan f 1926 165,21 
«* Campbdl E G Bol Ca. , 1924, 78, 103 
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lonogcmc Inorganic Subslances m General — The processes of drying and ashing 
empIo3ed in reducing plant tissue to an anal)'zable form are drastic Thus 
\anous sulfur compounds are probably oxidized to SO3 or H2SO4 Phosphoric 
acid IS freed from the organic combmations in which it is usually found in plant 
materials, and probably certam amounts of pyrophosphoric and metaphosphonc 
acids are produced All these acids because of theur lower volatilit)"^ are capable 
of decomposing chlondes, so that if anj'- appreaable amounts of free acids are 
formed chloride ion may be replaced This is an additional reason for not makmg 
a correction for sulfate or phosphate 

Further, m the course of drymg the plant material there is the possibihty that 
magnesium chloride and possibly calcium chloride may be hydrolyzed m part 
to basic chlorides nith a correspondmg loss of chloride ion However, since 
nearlj all the water is dnven og in the neighborhood of 100°C this loss is probably 
not serious, for as a number of investigators have shown the hydrolytic decom- 
position of hydrated magnesium chlonde is not marked below 200®C m air'^* 
H\ drated calcium chlonde is even more stable 

Summanzmg, we conclude that to transform ash analyses of total 
ash into analyses of sap the following corrections should be made 
Feme or ferrous iron and silicate should be ormtted since the amounts 
dissoK ed m the cell sap are negligible Calcium, although some may 
be dissolved in the sap, should be omitted smee the amount is doubtful 
A deduction should be made in the case of magnesium to allow for the 
amount contained in chlorophyll No deduction should be made 
from the sulfate or phosphate figures, but phosphate should be taken 
as bi\ alent No correction should be applied to sodium, potassium, 
or chlonde 

Table (p 284) gives figures denved from the data m the htera- 
ture In the onginal these results were expressed as percentages of 

For references see McUor, J W , A comprehensive treatise of inorganic and 
theoretical chemistrj , London, Longmans, Green and Co , 1923, 4, 300 

■‘’The data from which the figures m Table I are denved were taken from 
\\ olfi, F , \schen-Anah sen \ on landwirtschafthchen Producten, Berlin, Wiegandt 
und Hcmpcl, 1871 All relate to lca\es except the figures for Rumex acclosella 
which apph to the whole plant in which the volume of root and stem is small 
?s compared to that of the leaf (as explained on p 293 the whole plant may be 
ircludcd without error) The English names are as foUovs (1) field sorrel, (2) 
rhubarb, (3) red cloaer, (4) oak, (5) wake robbin, (6) mulberrj , (7) spinach, 
{81 oat, t9) oli%e, (10) tobacco, (11) lilac, (12) chickwecd, (13) beet, (14) fig, 
l,l>) '■Ifalia, (16) carrot, (17) chicora , (18) orange, (19) dcadlj nightshade, (20) 
jinmrotc 
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oxides in the pure ash Here they are expressed as equivalents of the 
corresponding basic or acidic radical per 100 gm of pure ash Thej 
are therefore not conventional concentration terms These cannot be 
estimated 

Let us first consider the total ash Columns I to 6, and 8 to 10 
are self explanatory Column 11 is the sum of Columns 3, 4, 5, and 
6 Column 13 is the sum of Columns 8, 9, and 10 Column 14 is 
obtained by dividing the values in Column 11 by those in Column 13 

Let us now consider the composition of the sap as calculated from 
the total ash by the method summarized on p 292 Column 7 gives 
the values for magnesium after deducting what v as probably present 
in the chlorophyll Column 12 is the sum of Columns 3, 4, and 7 
Column IS is obtamed by dividing the values in Column 12 by those 
in Column 13 To the extent that the corrections arc nght, Column 
IS gives the actual preponderance of inorganic cations over anions m 
the sap These results are comparable therefore with those gix en in 
Part 1, for the leaf saps of Rheum, Rtimex, and Oxclts The selection 
of data yields ratios of cations/amons both higher and lower tlian the 
average 3 8 given in the table on p 239 of Part 1 For the most part 
plants showing a fairly high ratio of cations to anions m the sap ■nere 
selected for Table I as being of more interest from our present point of 
\iew, but it should be pointed out that in only a very few of the 
hundred or more cases examined in the literature were the anion 
equivalents greater than cation eqmvalcnts in the corrected figures for 
sap, and in no case was this true of the total ash 

The above analyses are of leaves only (except Rumex accloscUa'^) 
AVhen organic substances manufactured in a green cell migrate to a 
colorless cell of the same plant and arc analyzed along aith tlie green 
cells tliey may be regarded as on practically the same basis as if they 
still remained in the green cell Hence the colorless cells of the leaf, 
or of the root and stem of the same plant, may be included m the 
analysis along with the green cells 

It IS, hoTvever, misleading to take analyses of colorless cells by them 
selves {eg fiauts, roots, fungi, etc) since these cells may have ab 
sorbed inorganic cations paired with orgamc anions Usually a high 
ratio of cations to anions is found m such cells (in the banana” fruit, 

Czapek r, Biochcmie der Pflanzen, Jena, Gustai Fischer 3rd edition 
1922-25, 2, 464 
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Mma saptcutum, the ratio of cation to anion equivalents m the total 
ash IS 8 64) 

In this connection we may consider the situation in animal cells 
Hill and Kupalov,^® and likewise Fenn^® and Cobb, state that there is 
an excess of inorganic cation equivalents in frog muscle Page^** 
found this to be true of eggs of the sea urchin {Arha^^a) and of the 
starfish (Aslcnas) which are devoid of yolk It also applies to the 
n hite of hen’s egg but it is evident from Needham’s^^ summary that in 
the yolk there is so much sulfur and phosphorus m organic combina- 
tion (yielding inorganic anions on ashing) that the anion equivalents 
preponderate As the yolk is used up in development the situation 
changes and the cation equivalents predominate more and more It 
IS of interest to note that such a predominance is also found in the 
human embryo 


DISCUSSION 

As already stated (Part 1, p 235) our experiments on Valoma were 
thought to indicate that the cations enter chiefly as MOH and react 
in the sap nith an organic acid, HA, to form K/1 This would mean 
that the penetration of cations is necessarily accompanied by the 
formation of organic salts which should be capable of detection when 
they exist m sufficient quantity 

In the experiments described in Part 1 of this paper such salts were 
found and their presence in other cases (Part 2) is shown by tlie fact 
that the inorganic cation equivalents exceed the anion equivalents 
As already mentioned this excess has been exyiressed in two ways in 
Table I as the ratio of cations to anions in the total ash, and as the 
ratio of cations to anions m the cell sap The sap data arc chiefly 
interesting from the standpoint of accumulation where the relation 
between the soluble elcctrol>tes of the sap and the external solution 

^^I'cnn, \V C , m Ph%sical and chemical changes in nerv’e during activitv, 
Occa'ionxl publications of the Amencan Association for the Advancement of 
Science, No 2, Sact cc, 1934, 79, suppl 

“ Page I H , Bid BuV , 1927, 62, 168 
Needham, J , Chemical cmbr\o!og\, Cambridge Unncrsitj Press, 1931, 1 
356 3, 1276 

^‘Needham, J , Chemical cmbr\o!og\, Cambridge UnncrsiU Press, 1931, 3, 
1276 
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IS important At present, hoiiever, we are concerned chiefly with the 
question whether an excess of morganic cations over inorganic amons 
has entered the leaf cells From this point of view all the inorganic 
constituents (except iron and silica which for reasons mentioned be 
fore are excluded) should be counted, because, regardless of the state 
m which they happen to be m the leaf cells at the time of analysis, 
obviously at some stage in the plant’s growth they have entered" as 
part of a dissolved electrovalent compound (For example, many 
green cells contam calaum oxalate crystals, and this calaum, not in 
solution in the cell sap, must be counted, since there is no reason to 
suspect that its mode of entrance is different from that of calaum 
which may be present m another cell as dissolved calaum chlonde ) 
The same is true of the amons which form inorganic elements such as 
sidfur and phosphorus, and hence all sulfate and phosphate reported 
in the ash should be counted However, it must be admitted that the 
anion total is probably too low because, as Bertrand and Silbcrstcin” 
have shown, in the dry ashing up to SO per cent of the sulfur is lost 
Further, as pomted out below, some of the SOi — and HPO< — pres 
ent may represent chlonde which has been displaced dunng ashing 
Hence in determimng whether cations have entered as hjdroxides 
we should use the figures for total ash 
Before concluding that excess of cation equivalents means the en 
trance of cations combined with bydroxj’l we must examine other a! 
tcrnatives We may now consider the vanous possibilities in turn 
(a) Ionic Exchange — When the external solution loses a molecule 
of JfOH it IS equivalent to losing M + and gaming H+ and when jlfOH 
reacts in the sap with Hd to form MA it is equivalent to losing H+ 
from the sap and gammg Hence the net result is the same as if 
H+ from the sap were exchanged for from the external solution, 
the ions passing as such through the protoplasmic surface 
For reasons elsewhere" set forth m detail it seems improbable that a 

‘Entrance in this connection means simply passage from the aqueous 
external solution through the outer non aqueous protoplasmic surface It docs 
not imply penetration as far as the vacuole although this usuallt occurs Hon 
ever a certam amount of magnesium passes into the protoplasm and is combmed 
in the chlorophj 11 molecule This is counted ns having entered the cell 

Osterhout \V J t Ergcbn Phynol 1933 36 967 Jacques A. G and 
Osterhout, W J V , J Gm Phistot 1933-34 17, 727 
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passage of ions as such through the protoplasmic surface plays an 
important part m the penetration of electrolytes and hence in the 
subsequent discussion it will be regarded as a negligible factor 

(b) Entrame of Organic Elcctrolyles — ^In the case of cells devoid of 
chlorophyll, whether plant or ammai, the excess of cation equivalents 
might be thought to mdicate the entrance of cations m combmation 
wTth organic amons But this cannot be the case with cells contaimng 
chlorophyll which manufacture orgamc from morganic matenals and 
can at best absorb only mmute amounts of orgamc substances from 
the soil 

(c) Entrance of Nitrates — ^If a cation should pass mto the proto- 
plasm m combination with mtrate the latter might be reduced and 
built up into the protein molecule, leavmg the cation free to pair with 
an organic anion elaborated in the vacuole The ash would then 
show an excess of inorganic cations over anions To what extent this 
process can occur is as yet unsettled Certainly nitrate ion enters 
the plant and is used m protein synthesis (This entrance could occur 
by exchange, in the same way as we believe that Cl“ is exchanged for 
HCOj ~ in Valonia ) The amount of mtrate ion present in leaves is 
seldom more than a trace, and in many cases it is entirely absent 
Thus m the sap extracted from Rheum, Ritmex, and Oxahs we found 
no definite reaction for mtrate ion (This, of course, does not mean 
that no nitrates were taken up by the roots for it is well known that 
such nitrates may not appear in the leaves^^ presumably because they 
are reduced in the root or stem to ammonia which enters the leaf cells 
as such, or as NEb OH, or as some other compound ) However, if 
this ion goes into the protein molecule, we should scarcely expect to 
find more than a trace 

If it may be assumed that all the protein of leaves has been derived 
from il/XOj, it IS possible to csbmate the maximum amount of M 

Pnanischmkow, D N , Lrgchn Btol , 1926, 1, 427, 432 For the literature 
see also, Tiedjcns, V A , and Robbins, W R , New Jersey Agric Exp Stalion, 
BiU No 626 1931 Hoagland, D R , Annual revae\\ of biochemistrj", Stanford 
Unncrsita, Stanford UnnersiU Press, 1932, 1 According to Vicken, H B , 
Pucher, G W, l^akeman, A J, and Leavenworth, C S, Carnegie Institu- 
t'd!. 01 Waslu glor, Pub No 445, 1933, the nitrates found in dned leaves ma> 
have been formed, in part at least, during the process of drv mg 
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(cation) which may have entered the leaf cells in this manner Thus, 
as pointed out previously, according to the results of Chibnall and 
Grover®’ there appears to he on the average ISO gm of protein per 
100 gm of pure ash in leaves If 16 per cent of this is mtrogen, this 
„ ISO X 16 

corresponds to =17 eqmvalents of mtrate mtrogen As 

Table I shows this is usually greater than the cation total m the sap 
Further the weight of evidence®® suggests that the primary products 
requured for the synthesis of protems (the ammo aads) are produced 
in the leaf and are transferred to other parts of the plant for the com 
pletion of the synthesis On this basis it is clear that far more than 
enough nitrate could enter the leaf to account for all the cations which 
have entered 

But the expenments of Pnamschnikow" and others indicate that 
ammonia is taken up in preference to mtrates so that when NHiNOi 
IS present the external solution becomes acid 

It seems possible that m the leaf cells studied by us some of the 
mtrogen was taken up m the form of NHj and NHt as well as in the 
form of NOs In this case the ratio of cations to amons might not be 
greatly affected “ 

But there is no reason to suppose that if potassium entered as mtrate 
the rate would be affected by changes of pH as was found m eiqien 
ments on Valotna Here it seems very improbable that the entrance 
of mtrates plays an important r61e Moreover unless there is a con- 
siderable loss of mtrogen (which is highly improbable) the cell as a 
whole would contain at least as many eqmvalents of protein mtrogen 
as of potassium if the latter entered solely as mtrate this is certamly 
not the case m Valoma 

(d) Entrance of Btcarbonates — ^If the cations entered in combma- 
tion w ith bicarbonate ion, and if CO derived from the latter were subse- 
quently used in the photosynthesis of carbohydrates, the cations could 
pair with orgamc anions m the cell This situation, of course, would 

®* See Onslow M W Principles of plant biochemistry, Cambndge Universit> 
Press, 1931 chapter V 

“ Presumablj cations would be used up first smee to make protem NOi must 
be conierted to NHi this would lower the ratio of cation equivalents to anion 
equivalents 
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give an excess of inorganic cations on ashing The proportions of 
bicarbonate ion to COo on the one hand, and to carbonate ion on the 
other, depend, of course, on pH, but it happens that in sea water when 
the pH IS changed from 8 to 9 the bicarbonate fraction of the system 
changes very little^ so that we should expect that if the cations enter 
as bicarbonate little effect would be observed in the case of V alo7ija^^ 
on changing the sea water pH from 8 to 9 Actually, however, there 
was a more than three fold increase in the rate of potassium entrance 
when the pH was raised from 8 2 to 8 5 to 8 8 

Other expenments on Valoma^^ show that CO 2 enters very rapidly 
with little or no penetration of bicarbonate M M Brooks” states 
that the sap of cells exposed to bicarbonates became more alkaline 
(the pH being measured after the removal of CO2 from the sap) and 
ascnbes this to the entrance of bicarbonate but it is evident that the 
same result would be produced by the penetration of KOH 
We therefore suppose that if the lomc activity product (H) (HCO3) 
should at any time become greater outside equality would be promptly 
restored by the penetration of CO2 rather than by that of bicarbonate 
Since the cell is constantly producing CO2 its movement is outward 
except when photosynthesis is taking place 
It seems probable that such considerations also apply to the green 
cells of the leaf 

(c) Entrance of Snlfale and Phosphate — Since both sulfur and phos- 
phorus appear m organic combination in the protoplasm it is possible 
that cations may have entered m combination with sulfates or phos- 
phates, which have subsequently been utilized in the protoplasm, 
leaving the cation free to pair with an organic anion In the case of 
Valonia, however, this seems impossible, for the total amounts of 
organosulfur or organophosphorus compounds m the cell are certainly 
far too small to account for all the cation which has entered the cell 
Summanzing then we believe that the above considerations show 

Cf Osterhout, W J \ , and Dorcas, M J , 7 Gen Physiol , 1925-26, 9, 
255 There is little change in the concentration of HCOj" or CO 3 — when the 
pH changes from 8 to 9 

Jacques, A G , and Osterhout, W J V , / Gen Physiol , 1933-34, 17, ITi 

Jacques, \ G , and Osterhout, \\ J V , 7 Gen Physiol , 1929-30, 13, 695 
5' Broot^s, M M , Pid' ncaW Rep , U S P H S , 1923, 38, 1470 
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that the suggestion that cations enter mainly m combination with 
hydroxyl ion is consistent with all the known facts of penetration m 
Valonia and also in green plant cells 
Adoptmg this view our present picture of the entrance of cations is 
as follows AfOH unites with a constituent of the protoplasm EX, 
as suggested by certam rnodek,** fonmng ^fX which reacts in the sap 
with a weak orgamc aad HA to form MA and that A is then exchanged 
for Cl or other inorgamc anions coming from the external solution 
This process may be practically complete as in Valoma, or may be 
much less extensive as in the case of the leaves studied by us, and in 
those cited from the literature, which give a high ratio of cabon to 
anion equivalents As intermediate cases we may menbon Chara 
ccralophylla, Wallr , as descnbed by Collander,” and Ntlella daoala, as 
described by Hoagland and his associates," where the rabo is about I 1 

SXTMMAKY 

Analyses have been made of the inorgamc constituents of the juices 
expressed from the leaves of Rheum, Rumcx, and Oxahs 
It has been shown that in all cases there is a large excess of inorganic 
cations over anions in the sap, the average rabo of cabons to anions 
bemg 3 8 (Part 1, p 239) 

The ash analyses of plant bssucs (chiefly leaves) reported in the 
literature have been exammed cnbcally, and it has been shown that 
the preponderance of inorganic cabons over inorganic amons in the 
ash and in the sap is general 

It has been concluded that the excess of inorganic cations is con- 
sistent with the view that cabons pass mto the protoplasm chiefly 
m the form of hydroxides, and are accumulated either in the form of 
orgamc salts (such as the oxalates) or m non polar hnkage 
It has been concluded that pracbcally all the potassium and sodium 
found m plant ash must have been present originally in the form of 
soluble lonogemc compounds, but that a considerable part of the cal 

“Osterhout W J V and SUnlcj W M,J Gm Phyuol , 1931-32 16, 
667 Osterhout, W J V , / Cm Physiol , 1932-33 16,529 Osterhout, W J V , 
Kamerling, S E and Stanley W M J Gen Physiol 1933-34, 17, 445, 469 
Collander R. Ada hot fenn 1930 6,1 
Zscheile, F P Jr Protoplasma 1930 11, 481 
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cium and magnesium may have been present onginally in the form of 
insoluble salts or as components of non-polar compoimds 
The methods whereby the cations, particularly potassium, may have 
been accumulated have been discussed, and it has been concluded that 
as It does not seem very probable that they enter chiefly as mtrates 
or bicarbonates we may suppose that they go in to a large extent 
as hydrates this is highly probable in the case which has been most 
carefully investigated {Valontd) 



THE APPLICATION OF QUANTUM MECHANICS TO 
CERTAIN CASES OF HOMOGENEOUS CATALYSIS 

H Certain Aspects op Enzvme Action 
By ALLEN E STEARN 

{From the Division oj Physical Chemistry University of Missouri, Columbia) 
(Accepted for publieation, May 7 1934) 

(A) In a previous paper (1) the catalytic effect of H+ and OH~ 
ions on the hydrolytic splitting of the C — N linLage was investigated 
by means of quantum mechanical considerations In this paper will 
be reported investigations as to the effect of foreign rigid dipoles on 
the energy of the activated configurations, and thus on the energy 
of activation If the latter is lowered a positive catalytic effect is 
noted, and such a dipole imght conceivably constitute the prosthetic 
group of an enzyme for the reaction in question 

The speafic problems and method of attack may be briefly sketched 
as follows 

Given some configuration (we shall hmit ourselves to the activated 
one) of the atoms involved m the reaction 

(sc— N=) + (—OH) - (=C— o— ) + (=N— H) 

(i e under certain speafic conditions this may represent the hydroly- 
sis of a peptide link), and a separate dipole which may be made to 
assume and maintain any arbitrary position with respect to this con 
figurapon as diagrammed in Fig 1, then 

1 What will be the nature of the effect of the dipole on the potential 
energy of the reacting system? 

2 Hon close can the dipole approach the reacting configuration 
before the increase m potenpal energy of the six atom group (» c ongi- 
nal four atom system plus the two atoms of the dipole) due to inapi- 
ent interchange repulsions renders further approach impossible? 

3 To what extent may such a dipole alter the acPvation energy 
of a reaepon? 
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As examples of dipoles, arbitrary to be sure, we shall consider the 
C — 0 (of a carboxyl group for instance), the N=0 of a nitro group 
and the N — of an amino group, and study their effect m acid and 
alkaline solutions, smce hydrolysis m solutions containing neither H 
nor OH ion is an idealized case 

(B) The effect of the dipole AB on the energy of the reacting sys- 
tem can be best thought of as consisting of two factors If it approach 
sufficiently near it will begin to form part of the reacting system The 
bond A — B will begm to weaken and bonds A — ^N, A — ^H, A — C, 
A — 0, B — C, etc , will begin to form and we have a six atom reaction 




Dipole Configuration of reacUng Dipole 

Position a molecules Posibon b 

Pig 1 


In general the potential energy of the entire system will nse greatly 
On the other hand, if it remains at a sufficient distance its only effect 
wall be an electrostatic or dipole effect on the four atom reacting sys- 
tem This effect may either increase or decrease the potential energy 
of the four atom system As drawn in Fig 1, Position a, the dipole 
would increase the potential energy of the reacting configuration 
This can be easily seen since there would be an attraction for the C — 
group and a repulsion of the 0 — group This means that the react- 
ing configuration of four atoms would be less stable than m the absence 
of the dipole, or, in other words, the O — H group would have to possess 
a greater amount of energy to approach the C — to this position 
Such an effect would be a negati\e cataljtic effect However, were 
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the dipole AB rotated through an angle of 180° in the plane of the 
paper a different condition of affairs would result In such a case the 
group C — N would be repelled and the 0— H group attracted The 
net result would be a decrease m the potential energy of the system 
and positive catalysis should occur The question remains as to the 
quantitative significance of the above pictured effects 

(C) The first question which must be answered is how close the 
catalyzing dipole may approach the reacting system and still be 
treated separately and not as part of the reacting system This is 
done by studying the change m energy of the stx atom system as the 
dipole IS brought up from an infinite distance Details of calculation 
of this secondary problem are not given since it involves the setting 
up of a secular equation in the form of a symmetrical five row deter- 
mmant, and the solution of this for the lowest root for every value of 
dipole distance Table I gives results of such calculations for the 
different dipoles approaching the reacting group as shown m Fig 1 
but onented m every case so as to give a positive catalytic effect It 
will be noted that the effect described is a maximum when the dipole 
IS m the same plane as the reactmg system Therefore the values of 
the dipole distance, r, are taken in the sense of distance from the nearer 
“edge” of the reacting system, and the dipoles are arbitrarily directed 
to have the hne joming their constituent atoms parallel in every ease 
with this nearer “edge ” 

From the last column of Table I it will be noted that, while the po 
tential energy does not increase much up to an approach of about 3 
Angstrom units, the mcrease is very rapid beyond that and thus the 
actual approach ivill depend, among other thmgs, upon the supply of 
energy available to overcome this repulsion ‘ 

^ It IS the purpose of the present paper to show that, given the dipole in proper 
position the activation energj of the four electron system will be lowered but 
not to investigate the cause of the dipole taking such a position against repulsive 
forces as given in Table I It is reserved for a future paper to investigate the 
possible nature of combination between enzyme and substrate from a quantum 
mechanical point of view The starting point will be suggested by the nature 
of the curves of Fig 4 of the previous paper (1), where espeaal emphasis will be 
laid on the basm or saddle in the middle of the curves If conditions were found 
such that the entire hill were sufEaentJy lowered but the basin retained, one might 
conceivably have the necessary energy for a practically unactivated loose com 
bination between enzyme and substrate. 
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potential energy of the reacting configuration by the amount in the 
last column This would result m a specifically increased reaction 
velocity of from 6- or 7- fold to some 4700-fold at room temperature, and 
m one case (the second figure) the reaction would be practically in- 
stantaneous unless some other configuration should become, in this in- 
stance, the activated one 

(E) Northrop and Kunitz (4) have stated that "at present there is 
no direct evidence of the existence of any peculiar prosthetic group 
in these active proteins” (j c pepsin or trypsin) “not found in other 
proteins, and it is quite possible that their activity depends on some 
peculiar arrangement of the amino aads ” The considerations pre- 
sented in the present paper demonstrate, it is thought, that groups 
found in ordinary proteins ma}^ be capable of active catalysis if they 
can be properly placed with respect to the reacting system which is 
being catalyzed Some of the necessary functions of the “peculiar 
arrangement of the amino aads” would, then, be to furnish, with the 
substrate, enough energy of combination to overcome the repulsive 
forces encountered by the dipoles in assuming an “active position,” 
as well as to furnish such dipoles at the proper points The latter 
named function would involve specific arrangements and is not amena- 
ble to general treatment, but the source of enzyme-substrate com- 
bination may be investigated and it is hoped in a final paper to indi- 
cate the possible source of such bonding 
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INTRODnCTION 

There have been no methods for estimating quantitatively the 
sulfhydryl (SH) and disulfide (S S) groups of proteins And yet 
enough is known of these groups to indicate their importance from 
several points of view SH and S S groups appear in protems during 
coagulation, and their appearance is the only change known to occur 
in the constitution of the protem on coagulation (Heffter, 1907, 
Arnold, 1911) They may be of interest for an understanding of the 
chemical changes which take place in muscle, SH groups can be 
detected m the protems of minced muscle even before the tissue has 
been treated with a coagulating agent (Arnold, 1911) SH groups 
are also significant for the study of enzymes for m the case of crystal 
hne urease it has been observed that activity depends upon the 
presence of these groups (Sumner, 1933) 

In this paper methods for estimating protein SH and S S groups are 
described It is shown for the first time that the number of SH and 
S S groups detectable in a coagulated but unhydrolyzed protem is 
equivalent to the quantity of cysteine and cystine found m the hy 
drolyzed protem In native protems, on the other hand, only a small 
fraction of these groups can be detected To develop methods for 
estimatmg protem SH and S S groups we have used denatured pro- 
tems because the vahdity of the method can best be tested on such 
preparations The methods arc also applicable to native protems, 
however, and the results obtained for various native proteins will 
soon be published 
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We have developed two independent methods for estimating the 
reactive SH groups of unhydrolyzed protein In the direct method 
the SH groups are oxidized by cystine, which is thereby reduced to 
cysteme, and the number of protein SH groups oxidized is estimated 
by measuring the amount of -cysteme formed Cystine oxidizes aU 
the SH groups and no other groups m the protem In the indirect 
method SH groups are ehmmated by treatment with an oxidizing 
agent or with lodoacetate, and the reagent added is removed The 
protein is then hydrolyzed, its total cysteme content is estimated and 
compared with the cysteine content of untreated protem The dim- 
inution m cysteme content is equal to the number of SH groups 
which reacted with the reagent Instead of measurmg the cysteine 
contents of hydrolysates one can estimate the SH groups of the un- 
hydrolyzed treated and untreated protein by the reaction with 
C3'stine 

The number of S-S groups in unhydrolyzed protem is estimated by 
the increase in number of SH groups caused by reducing the S-S 
groups to SH with thioglycolhc aad 

The cystine and cj^steine contents of protein hydrolysates are es- 
timated colonmetricaUy by their reactions with phosphotungstate 
Cysteine, but not cystine, gives a blue color with phosphotungstate 
in the absence of sulfite Cystine gives a blue color in the presence 
of sulfite vhich half reduces it to cysteine To measure the cysteine 
content of a protein, therefore, phosphotungstate is added to the 
hydrolj'sate in the absence of sulfite To measure the total cysteine 
plus c>’stine content, aU the cysteine is oxidized to cystine, and the 
color reaction with the hydrolysate is carried out in the presence of 
sulfite For the estimation of total cysteine plus cystine our method 
IS dern cd from that of Fohn and Marenzi (1929) There has hitherto 
been no method for estimating the cysteine content of protems 

HISTORICAL 

Protem SH groups ha\ e usuall% been detected bj means of the color reaction 
tbe\ guc with mtroprusside in presence of dilute ammoma It was bj this color 
test th-’t the\ were first detected m coagulated egg albumin by Hcffter and b> 
\mo’d Using the same test, -\mold made a sjstematic in% estigation of the 
substances m tissues vhich contain SH groups and observed that these groups 
are pre>cnt m tv o distinct forms— m the protem of tissues and in protem-free 
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extracts of tissues His experiments led him to believe that the substance in 
tissue extracts which contains SH groups is cysteme 20 years later Hopkins 
isolated this substance and showed it to be not cysteme but a peptide containmg 
cysteme, which he named glutathione (Hopkms, 1921 1929) There have been 
many mvestigations of glutathione but very few of protems as SH compoimds 
Heffter supposed that many denatured protems the denatured serum protems 
for example, which do not give a color reaction with nitroprusside and hence do 
not contam SH groups, have S-S groups which can be reduced to the SH form 
By treatmg the denatured serum protems with the reduemg agent sodium sulfite, 
he caused them to give a reaction with mtropnisside Protem S S groups hav e 
also been reduced by means of tm and hydrochlonc aad (Arnold 1911) by soluble 
SH compounds (Hopkins, 1925) and b> cyanide (Walker, 1925) 

Protem SH groups can be oxidized to the S-S form For this purpose Heffter 
used sulfur which removes the h>drogen from protem SH groups and converts 
It mto hjdrogen sulfide Heffter attempted to estimate protem SH groups b> 
measunng the amount of hydrogen sulfide formed A soluble disulfide, oxi 
dized glutathione was later used b> Hopkms mstead of sulfur His experiments 
demonstrated clearly the existence of equilibria between glutathione m solution 
and sulfur groups m the protem No more than this was claimed for them 
(Hopkms 1925) 


Direct estimation of Protein SB Groups 

This method is based on the pnnciple first used by de Rey Pailhadc 
(1888) and Heffter, and later by Hophins The hydrogen of the 
protein sulfur groups is transferred to another sulfur compound and 
then estimated For this purpose we have allowed the protein to 
react with cystine and have then estimated the quantity of cysteine 
formed If this amount of cysteme is to be considered a measure of 
the number of SH groups present m the protein, it must be showTi 
that all the protein SH groups react with cystine and only these 
That the protem SH is completely oxidized by cystme is shown by 
the fact that the treated protem does not give any color with nitro 
prusside, a sensitive reagent for SH That only SH is oxidized is 
indicated by the fact that only those protems reduce cystine which 
give a color with nitroprusside, a fairly speafic reagent for SH. Both 
the completeness and specificity of the oxidation are shown by the 
fact that the number of cystme molecules reduced b> a completely 
reduced protem is equivalent to the number of cystine molecules 
found m the hydrolysate of the same protem when completely 
oxidized 
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Estimation of the cj’-steme formed by action of protein SH groups 
w as first attempted by titration with iodine This method proved in- 
accurate due to the low concentration of cysteine m the solutions It 
was then found that C3’'steine in low concentrations can be estimated 
accurately by means of the color it develops with phosphomolybdate 
or phospho tungstate Phospho tungstate has been used by Folm 
and Looney for the estimation of cj^stine ^ In their method the color 
IS developed in an alkaline medium and in presence of an excess of 
sodium sulfite which reduces the cystine and also prevents fading of 
the color For our purpose sulfite could not be used to prevent fading 
because of its effect upon cystine A solution of the difficulty was 
provided by the observation that cysteine develops a blue color with 
phosphomolybdate or phosphotungstate even in neutral solutions and 
that in these solutions fading does not occur m the absence of sulfite 
Under these conditions a satisfactory proportionahty over a wide 
range is obtained between concentration of cysteine and intensity of 
color In a volume of 25 cc the quantity of cysteine can vary from 
0 4 mg to 1 0 mg w ith a proportionate change in color intensity A 
similar method for the estimation of cysteine was published by Lugg 
(1932) after most of the experiments described in this paper had been 
completed 

The properties of cystine impose some limitations on the method 
for estimating protein SH groups by oxidation wnth cystine One 
difficult}' is that cy stme is insoluble at the neutral point and becomes 
sufficiently soluble only w hen the pH is more than 9 0 Furthermore, 
for ln^ estigating the activity of SH groups under various conditions, 
a stronger oxidant than c}Stine is desirable WTien ferncyanide, a 
more powerful oxidant is used, other reducing groups of proteins in 
addition to the SH are sometimes oxidized - Indeed, one reason that 
the reduction of cy stine by proteins is a specific test for protein SH 
groups IS that cy stinc is a \ crx' mild oxidant Strong oxidizing agents 
can be used in the estimation of protein SH groups if the change oc- 
curring m the protein itself is examined rather than the change in the 

'Folm and Loo'ie% did not estimate the amount cither of c>stine itself 
or of c\ steine in the presence of c%-stinc 

- \ji In\c^tlgatlon of some other reduang groups of proteins will be published 
in another paper 
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oxidizing agent, as is done when cystine is used We have devised 
another method based on this prmaple 

Indirect Methods for Eshmatmg Protein SB Groups 

In these methods protein SH groups are oxidized or they are blocked 
with lodoacetate, the excess of oxidizing agent or lodoacetate is re 
moved, and the number of SH groups remammg m the protein is com- 
pared with the number originally present 

Hydrogen peroxide and potassium femeyamde’ can be used as 
oxidizing agents Peroxide is easier to use and is espeaally useful 
if the cystine content of oxidized protem is to be estimated lodo 
acetate reacts with SH groups according to the equation 

J?SH -1- CH.I COOH-»«S - CH. COOH Ht 

To estimate the number of protein SH groups before and after 
treatment with hydrogen peroxide or ferricyanide the protein can be 
exposed to cystine as described above * An entirely different method, 
involving hydrolysis of the protem is more convenient The protein 
IS hydrolyzed, and the SH groups in the hydrolysate are estunated by 
the color developed with phosphotungstate The color reaction is 
earned out as desenbed above for the estimation of cysteine except 
that a large quantity of urea is added to prevent the formation of a 
precipitate If a large number of SH groups were uncovered by 
hydrolysis this method would not be accurate Actually no such un- 
covermg on hydrolysis takes place When the SH groups of a de 
natured protem are oxidized or blocked, no groups at all are found 
even after hydrolysis It might be supposed that protein SH groups 
would be oxidized during aad hydrolysis, and some support for this 
view IS provided by the fact that if cysteine be added to the protein 
during hydrolysis, not all of it will be recovered And yet it can be 
shown that protem SH groups arc not oxidized dunng the aad hy 
drolysis used 

1 Estimation of protem SH groups by measurements of the SH 
contents of the hydrolysates of reduced and untreated proteins agrees 

* The use of potassium femevamde will be desenbed m a paper on the SII 
groups of hemoglobm 

* This procedure has not been tned after blocking Slf groups with lodoacetate 
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v.nth the results obtained by the cystme method which involves no 
hydrolysis 

2 In the case of proteins of the crystalline lens which contain 
cysteine and no cystine the number of SH groups estimated after 
hydrolysis is equivalent to the quantity of cystine found in the hy- 
drolysate of an oxidized preparation 

Oxidation of SH groups while the protein is being dried preparatory 
to being weighed and hydrolyzed must be avoided If neutral pro- 
tein is dned at 105°C , some oxidation of its SH groups occurs This 
can be prevented by keeping the protein acid while it is being dried 
and by shortening the time necessary for drying For these reasons 
the protein is dehydrated noth acid acetone before drying 

Eslimahon of S-S Groups 

In the estimation of protein S-S groups these groups are reduced to 
SH groups, the increase in SH groups is equal to the number of S-S 
groups ongmally present The properties required of a reducing 
agent are that it should completely reduce S-S groups and that any 
excess of it remammg after reduction should be completely removable 
since the reducing agent may react with the reagent used to estimate 
SH 

Sodium hydrosulfite and sodium sulfite do not completely reduce 
protein S-S groups Indeed, when cystine is treated with sodium 
sulfite, as wall be shown below, even in presence of a great excess of 
the rcductant, exactly 50 per cent of the cystine is reduced Protein 
S-S groups are reduced by thiol compounds, such as cysteine, reduced 
glutathione, and thioglycolhc acid Here an equilibrium is estab- 
lished 


Protein S— S + 2 RSH Protein SH -f- RS—SR 

SH 

Of these thiol compounds, thioglycolhc acid is the least expensive 
and also the most eficctive reducer of protein S-S groups After a 
certain concentration of thioglycolhc acid has been reached, doubling 
the concentration does not result in a further increase in number of 
protein SH groups This fact indicates that the reaction has gone to 
completion, but does not proxe that the S-S groups have been com- 
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pletely reduced In the case of reductron of cystine by sulfite, it ivas 
such evidence that led Fohn and Looney to beheve that cystme rvas 
completely reduced when it was m fact only one half reduced, while 
the other half underwent some other change To show that reduction 
by thioglycolhc aad was actually complete, the maximum possible 
number of S S groups m an oxidized protem was determined by 
hydrolyzmg it and estimating the cystine content of the hydrolysate 
This number corresponds exactly to the number of SH groups present 
after reduction by thioglycolhc aad in the denatured but unhy 
drolyzed protan Smce this correspondence between number of 
cystine molecules and number of SH groups holds for denatured 
protems, m these protems reduction of S S groups by thioglycolhc 
acid IS complete That there is an excess of SH groups after reduction 
indicates that no thioglycollic aad remains adsorbed to protem, for 
any SH groups due to adsorbed thioglycolhc aad would be included 
in the estimation of protein SH groups 

The Cystine and Cysteine Content of Proteins 
In attempting to use the Fohn-Marenzi method for estimating the 
cystine content of protems, we found that it can give results as much 
as 100 per cent too high In this method cystme m a protem hy- 
drolysate IS reduced with sulfite, and the cjisteme formed is estimated 
by means of the blue color which it produces with phosphotungstate 
Fohn and Looney beheved they had shown, as has been mentioned, 
that the reduction of cystme by sulfite is complete and that con 
sequendy any cysteme present m the protem hydrolysate could 
simply be mcluded m the “cystine” analysis In the reaction between 
sulfite and cystme we find, however, that exactly SO per cent of the 
cystme is reduced If a protem hydrolysate contains cystine and 
cysteme, no error in analysis occurs because a cystme standard is 
used for color comparison When, on the contrary, an hydrolysate 
contains cysteme and no cystme, an error of 100 per cent wall be made, 
if a cystme standard is used One way to avoid this error is to oxidize 
any cj steme present to cystme before treating the latter with sulfite 
This can be done by denatunng the protan and oxidizing its SH 
groups with hydrogen peroxide before hydrolysis, for no SH groups 
are uncovered dunng hydrolj^is In this way the total cystine and 
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cysteine of a protein may be estimated in the form of cystine If the 
denatured protein does not give a positive mtroprusside reaction, it 
contains no cysteine and preliminary oxidation is therefore not nec- 
essary Most of the proteins analyzed by Fohn and Marenzi contain 
no cysteine so that their cystine estimations of these proteins are 
correct Even m the case of egg albumin which contains some 
cysteine their analysis is correct because drying of protein by their 
procedure may oxidize it If, following the suggestion of Marenzi 
(1930), proteins are hydrolyzed without being dried, the estimation 
of cystine in egg albumin would be 50 per cent too high 
The evidence that only one-half of the cystine in a solution is re- 
duced by sulfite wiU now be given Fohn and Looney observed that 
when cystine is treated with increasing amounts of sulfite, a point is 
reached at which a further increase in concentration of sulfite does 
not cause an increase in intensity of color when the reduced cystine 
IS mixed vath phosphotungstate Under these conditions, they con- 
cluded, cystine is completely reduced We compared the color pro- 
duced vith phosphotungstate by such a cystine preparation with that 
produced by an equivalent amount of pure cysteine and found that 
in the presence of sulfite the cystine forms a color exactly tvace as 
intense as does the equivalent amount of cysteine This result pub- 
lished in a preliminary communication (Mirsky and Anson, 1930) 
has been confirmed by Clarke (1932), and he has also shown that the 
portion of cj'Stine not reduced by sulfite is oxidized Clarke states 
that he has been able to confirm the observation that a more intense 
color IS produced by cysteine than by an equivalent amount of cystine 
in a general way onlj , for he obtained somewhat less than 100 per 
cent difference m color intensity His failure to obtain a difference 
of as much as 100 per cent may be due to impurities m his c>steine 
preparations Cysteine is prepared by the reduction of cystine and 
completeness of reduction must be tested by titration 

The fact that onl> one-half the c>stinc in a protein hydrolysate is 
reduced by sulfite makes it possible to estimate the c>'steine content 
of a protein by companng the colors the hj drolysates of oxidized and 
non-oxidized protein produce when treated with sulfite and phos- 
photungstate If the latter contains no cj’steinc the two colors should 
be of the same intensit\ , if it contains cjsteinc and no c>'Stinc the 
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color given should be twice that given by the oxidized form, and in 
the case of a protein containing both cystme and cysteine, the color 
should be between once and twice that given by the oxidized form 
A better way to estimate cysteine is to dispense v ith sulfite and so 
not include cystine in the analysis This method has already been 
described as part of the procedure for estimating protem SH groups 
Estimations of cysteine by the two methods agree for some proteins 
(egg albumm, and reduced serum alburmn, for example) but dis 
agree for the proteins of muscle and of the crystalline lens For 
these protems cysteine estimations made by reduang the hydrolysate 
with sulfite and then developmg color with phosphotungstate in an 
alkahne solution are higher than those made without sulfite and at 
the neutral pomt The estimates made in alhah must be erroneous 
for m some instances more cysteine appears to be present than can 
be accounted for by the cystine found in the same protems after 
oxidation Cysteine estimations made by developmg a color with 
phosphotungstate at the neutral point appear to be rehable for m most 
protems investigated the cystme content of completely reduced pro 
terns IS found to be equivalent to the cysbne content of the oxidized 
proteins 

The cystme content of a protem is obtained by subtractmg its 
cysteine content from the total cystine plus cysteme content of ox 
idized protein 

EXPERIMENTAL 

I The Denalured Protein Preparations Used 

(o) Serum Atiumm — ^Denatured senim albumin is prepared m the fonn of a 
dry powder by the aad acetone procedure (Anson and Mirsky, 1931) 

(J) Egg Athumm — Heat-coagulated egg albumm is prepared by dissolvmg 
about 1 gm of crystallme egg albumm, suspended m the ammomum sulfate solu 
tion with which it was crystallized m 100 cc water and heatmg with gentle 
stirrmg at 90®C until all Uie protem is insoluble The mixture is dfluted with 
125 cc of water, centrifuged, the supernatant fluid discarded, and the preapitate 
rubbed mto a fine paste by adding a httlc water To the suspension are added 
10 cc, of a 20 per cent sodium sulfate solution and enough water to make a \ olume 
of 225 cc. Alter sUrrmg the suspension mcchamcall> for 5 mmutes it is centn 
fuged and the supernatant fluid is discarded 

(c) Edeslin —1 gm of the dried oystalhne preparauon made by Hoffmann 
La Roche is dissolved m 200 cc. of 0 01 N HCl and then coagulated bj addmg 
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20 cc. of concentrated tnchloracetic acid solution (trichloracetic aad dissolved in 
an equal weight of water) The mcsture is centrifuged and the supernatant fluid 
IS discarded 

(d) Prolans of Bahbul Muscle — ^5 gm (wet weight) of minced frozen musde 
are ground in a mortar with 50 cc of 5 per cent tnchloracetic aad The mixture 
is diluted to 250 cc with 5 per cent trichloracetic aad, stirred, and then centri- 
fuged The supernatant fluid is discarded 

(c) Prolans of the Cryslalluio Letts — Six cn-stalUne lenses, taken from the e} es 
of oxen, are ground m a mortar until the\ form a homogeneous jellj 5 per cent 
tnchloracetic aad is added graduallj and with mixmg until a volume of 225 cc 
IS reached The suspension is centrifuged and the supernatant fluid is discarded 

II Eshmation of Cyslcinc Content of Protein Hydrolysate 

(a) Dr\ii]g of Prolan Preparations — A preparation is first freed of an\ con- 
taminating substances that maj be present b\ washmg with tnchloracetic aad 
The protem in a 250 cc centrifuge flask is muxed with 200 cc water and to the 
mixture are added 20 cc of concentrated tnchloracetic aad (tnchloracetic acid 
dissoh cd m an equal weight of water) After centnfugmg, the supernatant is 
discarded, and the process is repeated as mam times as maj be needed The 
tnchloracetic aad preapitate is muxed with 200 cc acetone, stirred mechanically 
for 5 minutes, and then 1 cc. concentrated HCl is added to the suspension After 
centrifuging, the protem preapitate is stirred vith 100 cc acetone to which 5 or 6 
drops of HCl are added The acetone is decanted again, and much of w'hat 
adheres to the protem is rcmo\ed bj suction while the flask is immersed in hot 
water WTien the protem has reached the consistencj of a thick dough, it is 
ground m a hot mortar until the odor of acetone has disappeared The fine pow der 
IS now dned m an o\en at 108° for 30 minutes, when a constant weight is reached 

(b) Hydro’ysts — 50 to 700 mg of dried protem are transferred to a 50 cc 
Kjcldahl flask 5 cc of 6 v HiSO« and 1 cc but\l alcohol are added The flask 
IS attached to a reflux condenser and placed on a sand bath where it is gently 
boiled for 15 hours The condenser is then disconnected, the buUl alcohol is 
boiled off, the contents m the flask cooled under the tap, transferred to a 25 cc 
\oIumetnc flask, and brought to this xolumc b\ dilution with water After 
fiItr>tion the osteine content of the h^droh-sate ma\ be estimated The use of 
a color filter m the colonmetnc comparison ob\uates the neccssit\ of decolorizing 
the h\droKsatc If msufliaent protem is a\-ailab!e, onh 2 cc 6 v H;SOi need 
be u'cd for h\drohsis and after h\droKsis this is diluted to 10 cc 

(r'l G Pc'trc:' w — The \olume of h\drol\sate used, from 1 to 5 cc , should 
contain about 0 5 mg o'Stcine If less than 5 cc arc used the xolume is brought 
to 5 cc b% addition of 1 n H;S0{ To this are added 16 cc of concentrated urea 
so’-v’on <urea dis^oUcd in an equal weight of water), -1 cc of 3 4 st KrllPOi — 
KHiPO pH 6 S bjTe'-ard firall , v ith mixing, 1 cc phosphotungstic acid After 
an '’•c'X'alo 5 minutes the mtcnsit^ of the blue co’or is compared \ ith a standard 
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in a colorimeter The standard used is a blue glass the blue of ^hich need not 
closely match that of the solutions used for a red filter is attached to the e> e piece 
of the colorimeter The blue glass is calibrated b\ comparison with the blue 
color that a standard cysteme solution produces with phosphotungstate Phos 
photungstic aad is prepared accordmg to the directions of Folm and Marenzi 
(d) Preparation of a Cysteine Solution for Calibrating the Blue Glass Used in 
Colorimetric Comparisons — The c> steme content of the solution to be used is first 
estimated Cysteme is treated with an excess of fernc>'anide and the quantity 
of ferrocyanide formed is estimated colonmetrically as Prussian blue 60 mg 
of cysteme h} drochloride are dissolved in 100 cc 0 01 N HjSOi To 1 cc are 
added 0 25 cc 1 M KaHPO* — KHsPOj solution pH 72 02 cc 05 m K 3 re(CN)(j 
and the mixture is allowed to stand for 2 minutes Then 18 cc water, 0 5 cc. 1 N 
HtSO<, and 5 cc of a solution containmg feme sulfate and gum ghatti At the 
same time Prussian blue is formed from a known quantity of ferroc^'anide A 
solution of K4Fe(CN)8 m water is prepared contaming I 73 mg per cc , an 
amount equivalent to 1 0 mg c>sleine To 0 5 cc of this solution are added 
19 cc. water, 0 5 cc In HjSO^ and 5 a: of ferric sulfate gum ghatti solution 
After standing for 2 minutes the colors of the Prussian blue solutions are com 
pared with the same blue glass used m measuring the blue color produced in 
phosphotungstate b> c>steme To 2 cc of the c>steme solution, the concentra 
tion of which is now known are added 3 cc water, 16 cc concentrated urea solu 
tion, 4 cc 3 4 i£ K 5 HPO 4 — KHjPOi pH 6 7 buffer and with stirnng, 1 cc 
phosphotungstic aod After standing for 5 minutes the color of this solution is 
compared with that of the blue glass which is to be used as a standard 

The fixity of the scale on the colorimeter should be verified occasionally For 
this purpose the color of a solution of copper sulfate containmg 7 gm in 100 cc. 
IS compared with that of the blue glass 

III KsUmahon of Cystmc Content of Oxidised Proteins 

A denatured protem is oxidized if it gives no color reaction ivith nitroprusside 
or if its h>drol>sate does not give a blue color with phosphotungstate when 
tested as desenbed m 11 (c) In the case of a protem serum alburmn for in 
stance that is oxidized m its natural state no further oxidation is necessar> 

(a) Oxidation — To oxidize protein SH groups the denatured protem (m the 
case of egg albumin about 500 mg arc used) is mued with enough 0 5 m pH 9 6 
borate buffer to make the mixture definitely blue to thymol blue and enough 
water is added to bung the volume to 100 cc 5 cc, of 30 per cent HjOi arc 
added After standmg with occasional agitation for 30 mmutes at room tempera 
ture 100 cc water and 25 a; concentrated trichloracetic acid arc added The 
suspension is centrifuged the supernatant decanted and enough water is added 
to the preapitate so that with the aid of a rubber policeman it is rubbed first 
mto a thick and then a thin paste containing the albumm m a vcr> fine state 
of subdivision Water is added to a volume of 200 cc , the mixture is stirred 
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mechanically from 5 to 10 minutes, and then 20 cc of concentrated tnchloracetic 
aad are added The ivashmg process is repeated four tunes 

(b) The protem is dned and h 3 drolj'zed as descnbed in II (a) and II (b) 

(c) Color Formahon — ^The \ olume of h>drol}-sate used, from 1 to 5 cc , should 
contam about 0 7 mg cjstme WTien less than 5 cc of hj'drol>'sate is used, 
enough 1 K H 2 S 04 is added to bring the volume to 5 cc To this is added 1 cc 
of a freshly- prepared sodium sulfite solution, made by dissolving 2 gm of the 
anhydrous powder in 10 cc of water After standing 1 mmute, add 14 cc con- 
centrated urea solution, 4 cc 3 4 it KjHPOi — ^KHiPOi pH 6 7 buffer with stirring, 
1 cc phosphotungstic aad Color mtensit}' is measured, after an mterval of 
5 minutes as in II (c) The cj^stine solution for cahbratmg the blue glass used 
for color comparison is made bj* dissolving recrj staUized c^stme m 1 M HsSOi, 
0 7 mg per cc 

IV The Cyshne Canicnl of Proteins That Are Not Completely Oxidized 

This IS obtamed b}- subtractmg the c>steme content of the unoxidiaed protein 
(II) from the cj'Stme content of oxidized protem (III) 

V Protein SH Groups Estimated by the Direct Method 

(a) The CysHne Solution — To 350 mg of recr} stallized C 3 stme are added 5 cc 
of water and 6 75 cc 0 5 N KOH The c\*stme dissolves, and the solution is 
shaken m a tube which is evacuated by means of a vacuum pump This solution 
must be made shortl> before it is to be used, for cystine is unstable m alkabnc 
solution 

(Jb) The Reaction hetucen Protein and Cystine — Denatured protem (about 200 
mg in the case of egg albumm) is transferred to a 50 cc centrifuge tube, mixed 
with 45 cc of water and 2 cc of concentrated trichloracetic acid After centri- 
fuging and decanting the supernatant, the protem is mixed with IS cc of a 20 per 
cent sodium sulfate solution and 30 cc water, stirred and centnfuged The pre- 
apitate is mured with 5 cc of sodium sulfate solution, and to this mixture is 
added the a. stine solution The tube is quicklv stoppered, evacuated, filled with 
nitrogen (that is oxv gen-free), evacuated agam, again filled with mtrogen and 
allowed to stand at room temperature with occasional muxing for 30 minutes 

(r) Lstmatioi. of Cysteine Forn cd — The protem is completely preapitated b> 
adding 2 cc of 10 per cent sodium tungstate and then 6 cc J N H:SO<, so that 
the mixture is red to litmus but not blue to Congo red After centrifuging, the 
total volume of the contents of the tube is measured A measured volume of 
the supernatant is then removed, mixed with 4 cc of a 3 4 Ji KH;PO< solution 
of pH 6 S, V ith 1 cc 0 5 N KOH and with enough water to bnng the volume to 
25 cc To this IS added 1 cc of either phosphomolvbdic acid or phosphotungstic 
aad, and after 5 minutes the intcnsitv of the blue color is measured m a colonm- 
eter as descnbed m II (c) Phosphomolvbdic aad is prepared (\Vu, 1920) as 
follows 100 gm Xa-HoOi 2HiO are dissolved m 450 cc water and to the 
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solution are added 15 cc. of 85 per cent HiPOi and 80 cc, of concentrated HCL 
The solution is bofled for 8 hours under a reflux condenser and then, without 
allowing the solution to cool, a few drops of bromine are added to remove the 
blue color The excess of bromme is driven off by boilmg The solution is now 
brought to a volume of 1000 cc. and is rcad> for use 

(d) Eslimahon of Protetn Concentralton — The protein which has been treated 
with Q Stine is washed three or lour times m s SO cc, ceatn/cge tube with S per 
cent tnchloracetic aad separatmg the washmgs each time by centnfugmg and 
deca n ti n g The protein is then dissolved by adding 2 to 3 cc of 0 5 n NaOH 
and enough concentrated urea solution (urea dissolved m an equal weight of 
water) to bring the volume of the solution to 25, 50, or 100 cc For a protem 
such as reduced serum albumm only a quantity of protein is used, and 
the volume is accordingly brought to 25 cc. but when more protem is used as m 
the case of egg albumin, the volume is adjusted to 100 cc. 

VI Eshmalim of Protein SH Groups by the Indirect Method 

Either the procedure described below m (o), (5), and (c), or that m (o'), {V), 
and {d) can be followed 

(o) The cysteme content of a portion of the protem is estimated (H) 

(o') The SH groups of one portion of protem are estimated (V) 

(5) A portion of the protein is either oxidized or treated with iodoacelate 
Oxidation by HjOj is descnbed m HI (a) 

Before the protem is treated with lodoacetate, the tnchloracetic aad pre- 
apitate of denatured protem (contammg about 1 gm of protem) is neutralized 
The preapitate is stirred with a mixture containing 100 cc. 1 u KtHPOr-KHiPO* 
solution of pH 7 6, 75 a: of water, and 25 ca saturated aramomum sulfate. 
After centrifuging the protein suspension and decanting the supernatant the 
preapitate is mixed with a solution contammg 60 cc 0 5 ii KjHPOi-KHjPOi 
solution of pH 7 3 and 33 cc. 0 1 ir lodoacetate (lodoacctic aad neutralized with 
phenol red as mdicator) The mixture remams at room temperature with occa 
sional agitation for 3 hours To it are then added 100 cc. of water and 25 cc. of 
concentrated tnchloracetic aad The protem is now washed four times as de- 
scribed m in (a) 

(c) The protem prepared m (6) is dned, hydrolyzed, and its c>’steme content 
is estimated (II) 

(d) The SH groups of a protem prepared m (b) are estimated (V) 

(d) The number of SH groups that reacted with H:02 or with lodoacetate is 
calculated by subtracting the ^^ue found m (c) from that found m (a) or that 
m (c ) from that in (o') For denatured proteins the values m (c) and (d) are zero 

VII Estimation of Protein 5-5 Groups 
(o) The cj'steme content of one portion of the protem is estimated (II), or 
(o') The SH groups of one portion of the protem are estimated (VO 
(5) Reduction of SS Groups — 
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Scrum Albumin — ^200 mg of denatured serum albumm are dissolved m 5 cc 
water 10 cc of a saturated (at 30°C) Na;S04 solution arc added slow'ly and 
wnth rmxmg so that a finelj' divided preapitate is obtained 1 cc of redistilled 
thiogl} colbc acid is neutralized with a 0 4 N KOH solution, containing saturated 
Na:S04, so that the mixture is just red to phenol red, and then 0 5 cc more alkali 
IS added to compensate for the acidity of the albumin The solution is diluted 
to 60 cc with saturated Na2S04, mixed with the albumin precipitate, and the 
muxture is allowed to stand m a 100 cc stoppered flask with occasional stirnng 
for 45 minutes at 30°C At the end of this time the mixture is diluted with 
water to approximately 200 cc, and 20 cc of concentrated trichloracetic acid 
solution are added with stirnng The washing process described m III (o) is 
repeated seven or eight times completely to free the albumm of thioglvcollic acid 
Reduction is earned out m presence of concentrated Na2S04 to keep the albu- 
mm preapitated and so prevent any reversal of dcnaturation that might othcr- 
w ise occur A temperature of 30°C is needed to obtain sufficientlv concentrated 
Na2S04 solutions Ammonium sulfate, which is sufficiently soluble at room 
temperature, cannot be used because it inhibits reduction 

Egg Albumin — \\Tien denatured egg albumm is reduced about 500 mg are used 
(c) The cs Sterne content of reduced protein is estimated (11), or 
(c') SH groups of reduced protein are estunated (V) 

(«f) The number of S-S groups is calculated by subtracting either (a) from (c), 
or (a') from (c') 


RESULTS 

Sufficient experimental results are now given to demonstrate the 
validity of the methods for a number of proteins It should not be 
assumed, however, that the methods arc applicable to all proteins, 
for in at least one case difficulties are encountered Detailed studies 
to be published later, have been made of protein SH and S-S groups 
under \ anous conditions Estimations of protein SH and S-S groups 
arc recorded in terms of cysteine and cystine The methods yield 
results reproducible to within 10 per cent 

Egg Albumin 

1 SH groups of denatured proteins estimated by reduction of 
c\ Stine b} the protein —0 56 per cent 

2 SH groups of reduced denatured protein by the reduction of 
cx Stine —1 13 per cent 

3 S-S groups of denatured egg albumin, that is (2) minus (1), 
— 0 57 per cent 
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4 Cysteine of untreated protein estimated by the reaction of the 
hydrolysate with phosphotungstate —0 616 per cent 

5 Cysteine of denatured egg albumin ondized with hydrogen per 
oxide, estimated after hydrolysis by reaction with phosphotungstate 

— none 

6 SH groups of denatured protem by the mdirect method, » c (41 
minus (S), —0 616 per cent 

7 SH groups of reduced denatured protein by reaction of the hy- 
drolysate with phosphotungstate —1 IS per cent 

8 S-S groups of denatured egg albumin by the indirect method, 
t e (7) mmus (4), —0 534 per cent 

9 Cystine content of denatured egg albumin, oxidized with hy- 
drogen peroxide, by the Folin Marenzi procedure —1 24 per cent 

10 Uncorrected “cystme” content by the Fohn Marenzi method 

— 1 93 per cent 

Serum Albumin 

1 SH groups detectable either before or after hydrolysis —none 

2 SH groups of reduced denatured protein estimated by reduction 
of cystine, the direct method —4 57 per cent 

3 S S groups of denatured protem calculated from (2), » e (2) 
minus (1), —4 57 per cent 

4 Cysteine of reduced denatured protein by reaction with phos 
photungstate —4 73 per cent 

5 SH groups of reduced protein by the indirect method, » e (4) 
minus (1), —4 73 per cent 

6 Cystine content by the Folm Marenzi method No correction 
IS needed, due to (1) —4 85 per cent 

Edcstm 

1 SH groups of protein denatured by trichloracetic aad and then 
reduced as estimated by the direct methods —1 18 per cent 

2 Cysteine content of reduced denatured protein by reaction of 
hydrolysate with phosphotungstate — 1 20 per cent 

3 Cystine content of denatured protein oxidized with hydrogen 
peroxide — 1 24 per cent 
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Mixed Protems of the CryslaUmc Lens 

1 SH groups of denatured proteins estimated by the direct method 

— 1 23 per cent 

2 Cysteine of the hydrolyzed proteins after the denatured, but 
unhydrolyzed, proteins were treated with lodoacetate —none 

3 Cysteme content of hydrolyzed, untreated proteins —1 24 per 
cent 

4 SH groups of denatured protems by the indirect method, t c (3) 
minus (2), —1 24 per cent 

5 Cystme content of denatured proteins after oxidation by hy- 
drogen peroxide — I 105 per cent 

6 Uncorrected ej'stine content of protems by the Folin-Marenzi 
method— 2 92 per cent 

Mixed Prolcins of Halibut Muscle 

1 Cysteine content of hydrolyzed protems —0 807 per cent 

2 Cysteine content of hydrolysate after the denatured but unhy- 
droljsed proteins were treated with iodoacetate —none 

3 SH groups of denatured proteins by the indirect method, i c (1) 
minus (2), —0 S07 per cent 

4 Cystine content of denatured proteins oxidized by hydrogen 
peroxide —1 16 per cent 

5 Uncorrected “cj-stme” content by the Folm-hlarenzi method 

— 1 94 per cent 

6 C> Stine content reported by Sulhvan and Hess (1931) using the 
SuIIixan method —1 13 per cent 

SUMMARY 

1 Methods ha%c been desenbed for reducing protein S-S groups, 
for oxidizing protein SH groups, and for estimating protein S-S and 
SH group': 

2 It has been found necessarx' in estimating the cj'Stine content of 
proteins by the Folm-Marenzi method to take into account any 
cxiteine that m-*}- be present 

3 A method for estimating the cysteine content of proteins has 
bee’^ described 

- \nth these methods, estimations haxc been made of the S-S and 
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SH groups and of the C 3 ^tine and cysteine contents of a number of 
proteins 

5 In a denatured, but unbydrolyzed protein, the number of S S 
and SH groups is equivalent to the quantity of cystme and cysteine 
found m the protem after hydrolysis 
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PRODUCTS OF THE OXIDATION OF THIOSULFATE BY 
BACTERIA IN MINERAL MEDIA* 

Bv ROBERT L STARKEY 

(r rom the Department of Soil Mtcrobtology, New Jersey Agrtcnltural Experiment 
Station New Brunswick) 

(Accepted for pubbcation, May 10, 1934) 

In recent publications the author has discussed the isolation and 
cultivation of some bactena which oxidize thiosulfate (27, 28) Poly- 
thionates were not detected among the products of oxidation by 
stnctly autotrophic or facultative autotrophic bactena but were found 
to be present in the products of several heterotrophic orgamsms in 
eluding Cultures T and K of Trautwem (29) The reaction of media 
supportmg the autotrophs became acid during growth, the heterotrophs 
decreased the aadity 

There is very limited information concemmg the products of oxi- 
dation of sulfur matenals by the sulfur bactena Waksman and 
Starkey determined that sulfur and thiosulfate become oxidized com 
pletely to sulfate by Thiobacilhts thwoxtdans, although some sulfur 
may be precipitated from thiosulfate by secondary reactions due to 
the high aadity which develops m the medium (36, 25) Jacobsen’s 
results show that sulfur is oxidized to sulfate by Thwbaallus lino pants 
without the accumulation of mtermcdiate products (12) Van Nicl 
found that under favorable conditions the purple sulfur bactena oxi 
dize sulfide, sulfur, sulfite, and thiosulfate completely to sulfate al 
though, where the process has not gone to completion, there is much 
sulfur m the cells and medium dunng the oxidation of sulfide (34) 
The green sulfur bactena oxidize sulfide only to sulfur (34) In most 
other reports no attempt has been made to account for all of the oxi 
dation products of the sulfur matenals In the experiments reported 
m the following pages, detailed analyses have been conducted in an 
attempt to determme the exact nature of the products formed by some 

* Journal Senes paper of New Jerse> Agncultural Expenment StaUon 
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bactena oxidizing thiosulfate and the quantitative relationships be- 
tween the products and the matenal oxidized The charactenstics of 
the organisms used have been discussed in preceding papers (27-29) 
The cultures include (1) a strict autotroph which is considered to be 
Th ihoparus, (2) a facultative autotroph seemmgly a hitherto unde- 
scnbed culture which has been named Thiobactllus novclhts, and (3) B, 
T, and K, three heterotrophic cultures reacting qualitatively alike 
upon thiosulfate T and K are Trautwein’s cultures descnbed by him 
as facultative autotrophic bactena (31, 32) 

The media used for cultivating the bactena and the analytical pro- 
cedures involved in the following studies are recorded toward the end 
of this report 


EXPERIMENTAL 

Products Formed by Cultures B, T, and K — Table I includes some of 
the results obtained with Culture T Only averages of determina- 
tions are given and, in order to condense the data, the determinations 
of the controls and blanks have been subtracted where this was nec- 
essary The pH increased with advance in development The titra- 
tions vith lodme before and after treatment wth KOH indicate 
qualitatively that polythionates were formed Practically all of the 
sulfur remained in solution dunng the 27 days, with not over 0 8 per 
cent appeanng as elemental sulfur at any penod of development This 
accounts for only a very slight portion of the thiosulfate which was 
decomposed since only 4 0 per cent of the thiosulfate sulfur still re- 
mained after 27 da} s Very small amounts of sulfate sulfur appeared 
as the culture aged, no sulfate being detected until more than one- 
quarter of the thiosulfate had been decomposed It is very apparent 
that pol} thionates vere the pnnapal products of oxidation of thio- 
sulfate Tetrathionate was formed in greatest abundance associated 
with low and varx'ing quantities of both tn- and pentathlon ates All 
of the sulfur appears to be accounted for in the vanous products w’hich 
were determined, within the range of the expenmental error These 
quantities were calculated on the basis of the total sulfur determined 
In the sum of the soluble and insoluble sulfur 

Cultures B and K transformed thiosulfate much the same as Culture 
T The reaction became alkaline and the qualitative test for poly- 
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thionates was strongly positive Practically no elemental sulfur ap- 
peared, small amounts of sulfate sulfur were found durmg the late 
penods of incubation Polythionates were recovered in abundance, 
tetrathionate being the pnnapal product, associated with much 
smaller amounts of tn- and pentathionates Culture B transformed 
thiosulfate somewhat slower than either T or K but reacted qualita 

TABLE I 


Products of Dccomposthon of Thiosulfate by Culture T* 



AtnouQts rtcovrred at 
different period, of incubation 

rerceotsffes recovered at 
different pmods 


5 

days 

8 

day. 

13 

days 

19 

days 

2? 

days 

5 

days 

8 

days 

13 

days 

19 

days 

27 

days 


ne 

mt 

nt 

mt 







pllt 

0 OIn Ij for 5 cc of culture 

— 

7 4 

m 

8 4 

8 4 






ce 

13 3 

11 6 

5 8 

7 

09 






0 OIn It for 5 cc after KOH 











ee 

21 2 

22 1 

24 5 

25 1 

26 9 






Soluble S 

239 6 

236 5 

237 6 

237 6 

239 9 

99 9 

99 6 

99 2 

99 2 

99 4 

Insoluble (elemental) S 



2 0 

9 

1 4 


0 4 

EE 


0 6 

8,0,' -St 

164 3 


70 7 

19 7 

9 7 

68 5 

60 2 

29 5 

8 2 


SO. — S 


■1 

4 6 

■Ti» 

18 9 

EB 

0 

1 9 

4 3 

7 8 

S.O,' — s 

13 6 


47 6 

36 7 

34 2 

5 7 

0 

19 9 

IS 3 

14 2 

s«o. — s 

31 4 

45 1 

93 4 

144 2 

158 5 

13 1 

19 0 

39 0 

60 2 

65 7 

S*0.'— s 

■Pli) 


33 8 

25 9 

19 1 

6 7 

8 8 

14 1 

Hiln 

7 9 

Total S soluble + insoluble 
Total S insoluble -h SjOi 

239 9 

237 5 

239 6 

239 5 

241 3 






+ SO/ + 5,0, +S4O/ 
+ SiO,* 

225 6 


252 1 

238 7 

241 8 

94 1 

88 4 


99 6 

m 


* Controls subtracted On basis of 100 cc of soIuUon 
t RcacUon of control — pH 6 6 
i S 2 O 3 * — S of control 222 4 mg 


tively the same as these two bactena in all respects In 27 da}'S, 55 8 
per cent of the thiosulfate had been decomposed by Culture B It 
would thus seem justifiable to conclude that Cultures B, T, and K 
behave similarly m a qualitafavc way in respect to ondation of thio- 
sulfate although they differ m rate of development It is not un 
reasonable to assume that the other hcterotrophic bactena which were 
recorded m a preceding report as attachmg thiosulfate (29), also be 
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have m a similar manner The following reaction seems most likely 
to represent the primary transformation and this seems to be the 
transformation due to bacterial action 

2 Na-SjO, + H.0 + = Na-SA + 2 NaOH (1) 

This indicates why the pH increases as oxidation progresses, since 
free hydroxjd ions would be obtamed It is believed that products 
other than tetrathionate which were obtained, represent secondary 
products onginating by chermcal decomposition Debus, among 
others, discusses m detail the transformation of polythionates in a 
chemical w'ay and supplies adequate evidence to justify this con- 
clusion (6) Polythionates are unstable in alkaline and neutral solu- 
tions and undergo vanous changes When put into solution, potas- 
sium tetrathionate breaks down to the potassium salts of penta- and 
tnthionate 

2 KsS^Ot = KsSA + KiSsOe 

Potassium pentathionate breaks down to potassium tetrathionate and 
sulfur 

K,SA = K-S.Os + S 

Potassium tnthionate decomposes to products which finally become 
potassium salts of penta- and tetrathionate, potassium sulfate, and 
sulfur dioxide 


5 K.SiOj = K-S Oj + K-S A + 3 K:S04 + 3 SO. 

Sulfur dioxide would disappear if formed m the culture solutions by 
oxidation to sulfate Thus all of the products recovered from the 
solutions containing Cultures B, T, and K can be accounted for by 
assuming that tetrathionate was initially formed by bactcnal action 
and, b> subsequent chemical reactions, gave nse to varying amounts 
of tn- and pentathionate, sulfate, and elemental sulfur The relative 
proportions of these secondary products would vary depending upon 
the pH, rate of formation of tetrathionate, and interval of time dunng 
which the reactions took place The secondary reactions arc also 
undoubted!} responsible for the drop in pH of the culture solutions 
after the initial nse dunng prolonged incubation This change is 
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particularly prominent m poorly buttered media as shown previously 

(28) 

Trautwein stated that his cultures produced not only tetrathionatc 
but also dithionate The results reported above show that there is no 
likelihood that dithionate is produced He failed to analyze his 
cultures for either of these products and speculated upon their pro 


TABLE n 

Products of Decomposition of Thiosulfate by Th ttovellus* 
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Prodncls Formed by Th novclkis 

As observed from Table II the products of Th novellns include none 
of the polythionates The qualitative test was negative at all periods 
and the quantitative determinations gave equally negative results 
when made at the last three incubation penods The drop in pH 
dunng growth is accompanied by a continuous increase in sulfate No 
elemental sulfur was formed, although in some other cases where the 
pH of the culture medium dropped close to 5 0, slight amounts of sul- 
fur were found in the deposit on the bottom of the flask This prob- 
ably ongmates by secondary reaction through decomposition of thio- 
sulfate m the acid medium All of the sulfur of the decomposed 
thiosulfate appeared as sulfate in the experiment reported in Table 
n The determinations for soluble sulfur appear to give somewhat 
high results as m some of the data recorded in Table I However, 
the sum of the sulfur as thiosulfate and sulfate in all cases exceeded 
the thiosulfate sulfur of the uninoculated solutions 

The results reported m Table II are vended by the results m Table 
V The only product of oxidation appears to be sulfate The culture 
was incubated for a longer penod than that used for the determina- 
tions reported in Table II and consequently somewhat more of the 
thiosulfate became oxidized before the expenment was terminated 
As regards oudation of thiosulfate, this culture resembles Th Ihio- 
oxidans vhich also effects complete oxidation The two organisms 
differ in the range of pH over which the reaction takes place and in 
speed of oxidation Furthermore, Th thwoxidans is a strict auto- 
troph The following reaction accounts for the transformation 

Na-SiO, + H.o -h 2 0; = Na-SO, + IhSOt (2) 

From this it is apparent why a pronounced increase in acidity ac- 
companied oxidation and grow th 

Products Formed by Th thioparus 

Results of determinations on solutions supporting development of 
Th thioparus are presented in Table HI In most of the solutions 
reported m Expenment 1 of Table III the thiosulfate had been com- 
pletely decomposed and the reactions had apparently gone to com- 
pletion The results in Expenment 2 cover the penods of incomplete 
decomposition 
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As growth progressed the reaction became increasingly more aad, 
reaching pH 4 4 This is a lower pH than is tolerated by Cultures 

TABLE in 


Prodticls of Decompostitort of ThtosulfaU by Th thioparus* 



* Controls subtracted On basis of 100 cc of solution 
t Reaction of control — pH 7 8 
i SiOj' — S of control 244 4 mg 
§ S Oj' — S of control 223 8 mg 

B, T, K or Th novcUus The thiosulfate is quichly oxidized without 
the 'iccumulation of polythionatcs Natliansohn detected the for 
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mation of what seemed to be polythionates during his original studies 
wth Th tlnoparus (19) Dunng the course of the present studies 
with Th iJnoparus, polythionates have been found only in mixed 
cultures as has been discussed in a previous report (29) It seems 
most probable that the culture used in these studies is either Th Ihio- 
parus or a species exhibiting identical physiological activity and vary- 
ing, if at all, only in morphological characteristics 
The amounts of soluble sulfur decrease rapidly as oxidation pro- 
gresses due to the fact that considerable quantities of elemental sul- 
fur are precipitated The thiosulfate sulfur which is oxidized is 
accounted for completely as either elemental sulfur or sulfate The 
proportions of these two products are very constant and seem to be 
the same at all stages of growth From the results reported in 
Expenment 1, on the average, 40 per cent of the products of oxidation 
were recovered as elemental sulfur and 60 per cent as sulfate sulfur 
The averages of the data in Experiment 2 are 41 per cent elemental 
sulfur and 59 per cent sulfate sulfur Averages of all of the data show 
almost exactly 40 and 60 per cent recovery as elemental and sulfate 
sulfur respectively In no case was the variation over 4 per cent 
from this average The following equation accounts for the products 
in the ratios obtained 

S Na.S:Oj + HjO + 4 0: = 5 Na-SOi + H 7 SO, + 4S (3) 

The increase in acidity is much less than by Th novclltis per unit of 
thiosulfate decomposed since four-tenths of the sulfur appears in the 
elemental form The more marked decrease in pH by Th Unoparus 
IS due to the fact that the medium was poorly buffered and that 
greater amounts of thiosulfate were transformed 
Nathansohn believed that his cultures formed sulfate and tetra- 
thionatc as the initial products (19) His results may be interpreted 
othenMse (29) Beijennck presented the follo^\lng equation to ex- 
plain the transformation by Th Ihiopariis and this has been copied in 
most subsequent vorks concerned with related cultures (3, 4) 

Na S 0, -f 0 = Na SO. + S (4) 

In Mcw of the fact that the equation v,as apparently derived from 
ciuahtati\c determinations it is interesting that it so ncarl> approaches 
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Reaction 3 which seems to explain the transformation more accurately 
Issatschenho and Sahmowskaja applied Equation 4 to explain the 
reaction by their cultures (11), but this would not account for the in 
crease in acidity which accompanied growth Sahmowskaja cultured 
another organism which behaved much the same as Th tlnoparus 
but the pH increased dunng growth (22) Reaction 4 could not 
explain such a change If the reaction change resulted from the 
products of the thiosulfate, less complete oxidation or hydrolysis of 
the thiosulfate must have occurred 
It might be suspected that the pnmary reaction by Th (hioparus 
was such as 4 and that some of the elemental sulfur became subse 
quently oxidized to sulfate However, if sudi were the case, the 
proportion between elemental and sulfate sulfur would differ at van- 
ous stages of growth of the culture No such vanation has been 
observed Furthermore, the medium becomes aad at all stages of 
growth, even whore decomposition was slight in the early penods 
This would not bo expected if Reaction 4 prevailed at first 
Oxidation of elemental sulfur has generally been recorded as a 
characteristic of Th Ihioparut (19, 3, 4, 12, 10, 11, 17) and the studies 
of sulfur oxidation by the strain of this organism used in the present 
work strengthen this conviction (28) Furthermore, the pronounced 
decrease in pH recorded in Experiment 1 of Table HI between the 
10th and 12th day might hardly be expected to have been produced as 
a result of oxidation of the small amount of thiosulfate remaining at 
the 10th day The oxidation of some elemental sulfur could account 
for this However, the phosphate buffers arc not particularly effcctix e 
between pH 6 0 and 4 0 and relatively small amounts of aad could 
have caused the drop in pH In case elemental sulfur was attacked, 
very little was oxidized since the ratio of elemental sulfur to sulfate 
sulfur was not altered perceptibly In case it is found that small 
amounts of the precipitated sulfur do become oxidized, it may be that 
Beijcnnck’s reaction wall prove to be valid It would seem unwise 
to state that Th thioparus and related organisms all oxidize thiosulfate 
according to Reaction 3, but under the conditions of the expenments 
recorded in this report, this reaction has been observed with no 
appreciabte vanation irrespective of the completeness of the degree of 
oxidation of thiosulfate 
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In a recent contnbution, von Deines claims that the material which 
IS precipitated by the sulfur bacteria is not sulfur, but highly sul- 
fured hydrogen persulfide formed from a reaction between hydrogen 
sulfide and sulfurous acid which he believes are produced within the 
bactenal cell dunng oxidation of thiosulfate (35) More evidence is 
needed to justify the acceptance of this theory 
Nathansohn believed that the precipitated sulfur arose as a result 
of secondary reactions He stated that tetrathionate or similar poly- 
thionates and sulfate are produced by the initial reaction and that the 
reaction between the polytluonates and thiosulfate gives rise to the 
precipitated sulfur and part of the sulfate (19) It was also believed 
by the present author that the sulfur ongmates by some secondary 
reaction (25) This does not appear to be the case since, if it were 
produced by secondary chemical reaction, the ratio of elemental sul- 
fur to sulfate sulfur would not be constant at different reactions (pH) 
and vanous stages of growth The appearance of the sulfur is also 
different from that observed where sulfur is slowly preapitated from 
thiosulfate in media becoming acid during growth of sulfur bacteria 
In the latter case, it accumulates as a fine deposit on the bottom of 
tlie flask and seldom if ever as a pellicle or in such abundance 
The fact that the sulfur accumulates outside of the bactenal cells 
need not imply that the reaction leading to its formation also took 
place outside of the cells It has been shown by van Niel that whether 
or not the preapitated sulfur appears within the cells is determined by 
the size of the cells (34) “Thus Baas-Becking found Thwhactllus 
thioparus, growing in concentrated NaCI-solutions, to occur with 
sulphur both inside and outside the cells in a thiosulphate medium 
Due to the high salt concentration the cells were somewhat abnormally 
shaped, the most important difference in this connection being that 
they were decidedly larger’' (p 57) On the basis of numerous ob- 
ser\'ations \\Tth the purple and green sulfur bactena, van Niel further 
states “These observ'ations indicate that the ability to store the sul- 
phur globules inside the cell is dependent only upon the size and can- 
not be considered of an> taxonomic, or even morphological importance 
except in connection wnth ccll-dimensions” (p 57) 
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Asstnulakon of Carbon 

One of the most cntical means of distingiushmg between autotrophic 
and heterotrophic bacteria is to demonstrate the synthesis of organic 
cell substance from inorganic materials bj the former The source 
of carbon for bactena existing under autotrophic conditions is the 
bicarbonate ion (HCOj”) Abundant and even somewhat limited 
growth as autotrophs can be demonstrated as being characterized by 
an mcrease m the organic material in the culture medium In rela- 
tively few mstances have the cultures desenbed as autotrophic sulfur 


TABLE IV 

Carbon Assimilation by Culture T* 


Culture 

Age 

pH 

Thiosul 
fate de> 
composed 

C&rboQ 

coDteat 

Carbon 

mlnai 

control 


days 


ptrteiti 

mt 

mg 

Control 

14 

6 6 

0 

1 52 


Inoculated 

14 

7 2 

41 

1 53 

0 01 

Control 

32 

6 6 

0 

1 57 


Inoculated 

32 

7 8 

74 

1 43 

-0 14 

Control 

35 

6 6 

0 



Inoculated 

35 

7 8 

83 

1 53 

0 23 

Control 

38 


0 



Inoculated 

38 

mKm 

78 


0 


45 

Wm 

89 

1 34 

-0 06 


45 

mM 

84 

1 38 

-0 02 


* On basis of 100 cc, of culture medium 


bactena been cntically examined in this way Licske demonstrated 
carbon assimilation by Thtobacilliis demlrijicans dunng growth upon 
thiosulfate (18) Jacobsen noted increases in orgamc carbon dunng 
development of Th ihioparus upon elemental sulfur (12) Carbon 
assimilation by Th llnooxtdans was found to be most clEaent dunng 
growth under fa\ orablc cultural conditions (36, 25, 26) Ayyar also 
recorded increases in orgamc carbon m media supporting this organism 
(1) Most recently van Niel detected pronounced assimilation of 
carbon by cultures of purple sulfur bactena dunng grow th upon sul&de 
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and thiosulfate and during growth of green sulfur bacteria upon sulfide 
(34) The following translation of words by Duggeli in 1919 seems 
particularly appropriate as regards the amounts of carbon assimilated 
by species of Thwbaallns Although an e\act calculation of the 
metabolism of thionic acid bacteria is not yet available, nevertheless 
It can already now be mentioned, that tlic amount of the newly syn- 


TABLE V 

Carbon Asswitlatwu by Th iwvcilus* 


Culture 

Age 

pit 

s,o/ 

-St 

(A 

g 

r 

Cnrbon 

content 

Cnriion 

minus 

control 

SAla' — S decomposed 

C assimilated j 

SO/ — S formed 

•g 

rt 

1 

u 


da^s 


me 

wj: 

me 

mi 





Control 

11 

7 8 

210 6 

0 6 

2 02 






Inoculated 

11 


183 8 

31 8 

2 11 


1(322/1) 

(346/1) 

Control 

23 

7 8 

213 1 

0 6 

1 67 






Inoculated 

23 

6 8 

171 6 

51 5 

2 88 

1 21 

34/1 

42/1 

Control 

25 

7 8 

214 1 

0 6 

1 78 






Inocul lied 

25 

6 6 

165 6 

53 8 

2 48 


67/1 

76/1 

Control 

36 


213 4 

0 9 

1 38 






Inoeulatcd 

36 

6 6 

1S5 0 

65 8 

2 78 

mm 

41/1 

47/1 

4( 

43 

6 4 

152 5 

70 1 

2 63 

1 25 

48/1 

56/1 

<< 

43 

6 4 

ISO 6 

72 4 

2 61 

1 23 

Sl/I 

58/1 

Av crage 






1 16 

48/1 

56/1 


* On basis of 100 cc of culture medium Neither pol> thionatcs nor elemental 


sulfur rcco\ ered m an\ case 

t A\enige SiOj" — S of controls— 212 8 mg 

theswed cell substance is verj' small in proportion to the amount of 
transformed sulfur compounds (7, p 36) 

Some results of determinations for carbon assimilation by Culture 
T are given m Table IV E\en though the control media contained 
\er>’ small quantities of carbon (from 1 3 to 1 6 mg per 100 cc )' the 

' .\ctuil!\ much less organic carbon was detected in the medium Bhnhs on 
100 cc portions of distilled water Molded 1 28 mg C as an average of throe deter- 
minations A fraction of a miUigram of organic carbon would thus seem to be 
in too cc of the culture medium 
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TABLE VI 


Carhon Assimilation by Tit ihtoporus* 


Culture 

Age 

Thio* 

Buirate 

decom 

posed 

CarboQ 

CODtent 

Carbon 
minus 
CO trot 


S of products 
formed 

C assimilated 

C. assuDilated 


days 

fereent 

nf 

mt 



Control 

4 

0 

2 66 




* 

10 

0 

2 28 




u 

12 

0 

2 69 




‘ 

17 

0 

2 51 





18 

0 

2 85 




Average of controls 



2 60 




Inoculated 

4 

17 

2 SO 


(179/1) 

(215/1) 


10 

99 

5 43 

(2 83) 

(85/1) 

(84/1) 

( 

12 

100 

4 33 

1 73 

141/1 

142/1 


14 

100 

4 63 

2 03 


119/1 

( 

14 

100 

4 40 

1 80 

136/1 

139/1 


17 

100 

4 48 

1 88 


131/1 


20 

100 

4 76 

2 16 

113/1 

111/1 


20 

100 

4 38 

1 78 

137/1 

138/1 


21 

100 

4 20 

1 60 

153/1 

ISS/l 


21 

100 

4 44 

1 84 

133/1 

134/1 

Control 

22 

0 

1 64 




Inoculated 

22 

100 

3 83 

2 19 

112/1 

111/1 


24 

100 

3 88 

2 24 

109/1 

110/1 

Control 

4 

0 

1 24 




* 

C 

0 

1 28 




1 

8 

0 

1 16 




< 

11 

0 

1 26 




( 

14 


1 32 




Average of controls 

■ 

B 

1 25 




Inoculated 

n 

IQI 

1 56 


103/1 

109/1 



Bil 

1 68 


100/1 

Ill/l 

( 

8 

Bxl 

1 82 



131/1 


U 

67 

2 33 



142/1 

$t 

14 

100 



■ill 

iV/1 

Average 




1 56 

125/1 

127/1 


* On basis of 100 cc. of culture medium 
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organism was able to transform relatively large quantities of thiosul- 
fate, as much as 89 per cent was oxidized m 45 days In no case is 
there any evidence of the assimilation of sigmficant quantities of car- 
bon The results obtained with Culture B were qmte similar and lead 
to the same conclusion 

Th u-oveJhis behaved qmte differently than the preceding organism 
(Table V) In all but the youngest culture, sigmficant amounts of 
orgamc carbon were recovered m spite of the fact that less than one- 
third of the thiosulfate was decomposed in any case The ratios of 
sulfur transformed to carbon assimilated are found to be close to 50 1 
The ratios calculated on the basis of thiosulfate-sulfur transformed are 
slightly different from those based on sulfate-sulfur recovered since 
these two sulfur values are not identical due to errors mvolved in the 
anab^ical procedures The results show defimtely that Th novellus 
exists as an autotroph in mineral media and transforms morgamc 
carbon to orgamc substance m proportion to the amount of thiosulfate 
sulfur oxidized 

Somewhat more extensive results are presented in Table for 
Th I hi 0 par us These data prove that the orgamsm assimilated car- 
bon during oxidation of thiosulfate As shown by the determinations 
of the experiment reported at the lower part of the table covering 
\anous stages of growth, the amount of carbon assimilated increases 
with the decomposition of thiosulfate Data concerning the sulfur 
transformations in the same solutions are presented in Table III In 
calculatmg the results in the last two columns in Table VI, some of 
these data were utilized The averages give practically the same 
figure by both methods of calculation, the ratio of sulfur oxidized to 
carbon assunilated was about 125 1, vath the extremes of 100 1 and 
155 1 excepting the first two erratic results 

Energy Relations 

In considerations of the energ}' utilization by the bactena, values 
for the heats of reactions are used E\en though these may not in- 
dicate the absolute amounts of free cnerg}-- available to do work (2) 
thev suffiaently approximate such \alucs and for comparative pur- 
poses serve the present requirement These values ha\e been called 
“machine efTicienaes” by Burk since thc> are the resultants of numer- 
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ous reactions assoaated with reduction of carbon dioxide, growth, 
respiration, and other metabolic processes (5) 

The reaction for Th novellus may be expressed as follows 

Na&O. + H.O + 2 Oi = Na,SO, + H,SO. + 211 1 Cal (S) 

(1 X 2S5 9) (1 X 68 4) (1 X 328 2) (1 X 207 2) 

For 1 gm atom (32 gm ) of sulfur m thiosulfate, 105 6 Cal are 
hberated The transformation of 1 gm molecule of COj with H 0 to 
glucose reqmres 112 2 Cal The assimilation of 12 gm of carbon 
(1 gm atom) requires the oxidation of 56 times as much thiosulfate- 
sulfur (see Table V) or 672 gm This amount of sulfur hberates 

(672 -f- 32) lOS 6 = 2217 6 Cal 

Of this, only 112 2 Cal are accounted for m the oigamc carbon of the 
cells, therefore (112 2 — 2217 6) 100 = 5 1 per cent of the available 
energy is utilized 

These results are quite similar to those obtamed with Th Ihio 
oxtdans during development upon thiosulfate (25) The sulfur-carbon 
ratio for this bacterium averages 52 1 during development upon 1 
per cent thiosulfate and 5 4 per cent of the total energy available was 
calculated as havmg been used in synthesis of cell substance 

The reaction of Th Ihiopartis may be stated 

S Na&O, Hrf) + 4 Oi = 5 N»,SOi -P H.SO, + 4 S 500 3 CaL (6) 
(5 X 255 9) (1 X 68 4) (5 X 328 2) (1 X 207 2) 

For 1 gm atom of sulfur 50 0 Cal are hberated Using the sulfur 
carbon ratio of 127 1, the energy utilized for cell synthesis is calcu 
lated to be 4 7 per cent, a value very close to those obtamed for Th 
twvelltts and Th tlnooxtdans 

The results of Jacobsen with Th thwparns oxidizmg sulfur to sul 
fate show much the same assimilation of carbon per umt of energj 
available (12) Averaging his data from the fresh water and salt 
water strains of the bacterium, the sulfur carbon ratio is 41 1 1 
Upon further calculation, using Reaction 2 of Table VII as typifying 
the transformation, the orgamc matter m cell substance accounts for 
5 2 per cent of the energy which was liberated The culture of Th 
dcmlnjicans used by LiesLe appears to be much more efliaent (18) 
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From his data it can be calculated that 9 mg of carbon were assimi- 
lated by the oxidation of 1 0 gm Na 2 S 203 SHjO, the sulfur-carbon 
ratio being 28 7 1 In this case 11 1 per cent of the available energy 
was represented m synthesized cell substance (assuming Reaction 4 
of Table VII as t 3 >-pical) 

The results of Ayyar witli an orgamsm probably identical with Th 
thiooxidam gave a somewhat higher sulfur-carbon ratio than those 
obtained in this laboratory He found 40 75 1 while our results 
under conditions favorable for development of the bactenum were 
31 8 1 He stated, "Thus the organism is much more economical in 
the utilization of energy ” This is apparently incorrect, since the 
organism oxidizing the least sulfur per umt of carbon assimilated is 
tlie most efficient His culture shows 5 3 per cent efiiciency in con- 
trast to 6 7 per cent as determined mth the cultures used in this 
laboratory’’ 

It IS apparent from these results that in the few cases w'here the 
speaes of TJnohaaUiis have been carefully studied the efficiency of 
carbon assimilation is much the same Quite different results are 
obtained nitli the purple and green sulfur bactena which denve energy 
not only from inorganic sulfur compounds but also from light It 
\\ as found by^ van Niel that these bacteria assimilate far more carbon 
than could be assimilated by the energy supplied from the oxidation 
of the specific sulfur matenal (34) Photosynthesis supplied a large 
portion of the energy' utilized Even vith these bactena, however, 
there is a definite proportion between the amount of the sulfur sub- 
stance oxidized and the carbon assimilated 

The reaction ty'pical of Cultures B, T, and K yields very little 
energy 

2 Na S-0, -f H:0 -MO = Xa^S.Or -f 2 NaOH •+ 21 1 Cal (7) 

(2 X 255 9) (1 X 6S 4) (1 X 377 1) (2 X 112 1) 

Only' 5 3 Cal are liberated per gm atom of thiosulfate-sulfur In 
Table VII, some of the reactions commonly applied to autotrophic 
bacteria ha\e been presented together with the Calorics liberated 
per gram atom of the significant clement undergoing oxidation in the 
specific reactions In all cases, the amounts of energy' released arc 
greater tlian that of Reaction 7 abo\c, and arc more of the order of 
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reactions for Th Ihtopartis and Th novellus Only in the case of the 
OTidation of ferrous to feme iron (Reaction 8, Table VII) is the en- 
ergy value at a level somewhat approaching that of Reaction 7 above 
and there is still some question as to the actual autotrophic charac- 
ter of the so called iron bactena (2, 30, 9) 

Assuming it were possible for Cultures B, T, or K to develop under 
autotrophic conditions, very little carbon would be assimilated With 
the same effiaency as T/i novellus (S 1 per cent) and with all of the 
thiosulfate in 100 cc decomposed (220 mg of S), only about 0 20 mg 
of carbon would have been transformed into organic compounds 
This IS within the experimental error of the method used for carhon 


TABLE vn 


Energy Liberated by Transformations of Autotrophic Bacteria 


Reaction 

SimiGcant 

demest 

Cal per sn. 
atom of aignifi 
caot elcnent 

1 H.S JOi = S -(- HiO 

S 

58 5 

2 S + no, + H,0 - H,SO, 

s 

138 8 

3 5S + 6KNOi + 2H,0 - 3 KjS 04 + 2H,S04 + 3Nj 1 

s 1 

122 5 

4 SNaiSjO, + 8KNO, + HrO * 5Na,SO« + 4 K,S 04 + 
H 1 SO 4 + 4Ni 

s 

94 0 

5 NH.Cl + no. - HNO, + HCl + H,0 

N 

65 6 

6 HNOj +iOi « HNO, 

N 

20 9 

7 H, -h jO,- 

H 

34 2 

8 4FcCO,+ 0, + 6 H 1 O - 4Fe(OH), + 4CO, 

Fe 

1 

10 0 


deternunations, the carbon analyses by themselves are thus no abso 
lute criterion for determimng the autotrophic nature of these cultures 
It IS believed that the combined evidence, obtamed from the various 
studies which have been made with these cultures, is sulTiaent to 
warrant the conclusion that Cultures B, T, and K are not autotrophic, 
that the transformation of thiosulfate is madcntal to their normal 
nutation and is of no vital importance as a source of energy in their 
metabolism ’ It is therefore concluded that the mere disappearance 
or even oxidation of thiosulfate m a mineral medium through the 

* See general conclusions concerning Cultures B T, and K as autotrophs in 
reference 29 
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agency of bactena is insufficient evidence to justify the assumption 
that the organisms involved are autotrophic The same applies to 
the precipitation of iron and oxidation of NHj+ and NO*" and no 
doubt to other transformations generally ascnbed to autotrophic 
bactena It is most frequently discovered, however, that autotrophic 
bactena effect more rapid and complete oxidations of the mineral 
substances than are common to heterotrophic organisms, providing 
that the environmental conditions are suited to growth of the 
autotrophs 

Methods 

The media i\ere like those used previously (27-29) and were found suitable for 
studies of thiosulfate decomposition 


Medium 

1 

2 

3 

Tap water 

1000 gm 

1000 gm 

1000 gm 

KjHPO, 

2 0 “ 

4 0 

a 

6 0 “ 

KH-PO, 

— 

4 0 


— 

MgS04 7H.0 

0 1 gm 

0 1 

“ 

0 1 gm 

CaCl. 

0 1 “ 

0 1 


0 1 “ 

MnSOi 2H-0 

0 02 “ 

0 02 

u 

0 02 “ 

reCl, 6HjO 

0 02 “ 

0 02 

u 

0 02 “ 

(NHffjSOi 

0 I “ 

0 1 

u 

0 1 “ 

Na^SjOj 5HjO 

10 0 “ 

10 0 

u 

10 0 “ 

pH 

7 8 

6 6 


7 8 


Medium 1 was used for Th ihioparus, Medium 2 for Cultures 13, T, and K, and 
Medium 3 for Th nmcllus The media were generalh distributed in 250 or 300 cc 
amounts in Drlenmcyer flasl s of 1 liter capacit> The ammonium sulfate and 
sodium thiosulfate were stenhzed scparatel} In some cases 100 cc portions of 
the media were used in 250 cc Erlenme\cr flasks Since about 200 cc of solution 
were used in the anabses, the culture solution of two or more flasks vas pooled 
at each period of stud\ when the small culture flasl-s were used In the studies 
of Th tinoparus, distilled i ater was used in place of tap water 

The anaUscs were conducted as folloi s 

I The culture solution i as made to definite volume in volumetric flasl s 

II Where determinations were made for carlion content of the liquids, the 
method used v as much the same as that v hich prov cd saUsfactor> for determining 
carbon assimilation b\ T1 thtoox^dam (36) The total solution was agitateil to 
properU disperse all suspendeil materials Duplicate 100 cc portions of the un- 
filtered liquid v ere pipetted into combustion flasl s, 5 cc portions of 1-4 H;SO< 
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■were added and the solutions aerated for at least 1 hour m the cold to release any 
inorganic carbon from the solution In cases ^here there ■«\as thiosulfate in the 
culture solution, sulfurous aad was formed b> the decomposition of thiosulfate 
m the aad solution This v.’as trapped after lea-ving the reflux condenser by 
passmg the gas stream through a solution containing 1 gm of KhlnOi in 50 cc. 
of water This solution was renewed for each determination After aeration 
in the cold the units for absorbmg carbon dioxide were placed m the gas cham, 
5 0 gm of KMn04 were added to the combustion flasks and 50 cc of concentrated 
H SO4 were run m slov,ly dunng which tune the system was being aerated The 
solutions were then heated to boding for 3 hours and the carbon dionde from the 
gas stream was trapped in standard 0 05 n Ba(OH)i m Truog towers m place of the 
tubes used m the earlier studies After completion of the combustion the excess 
Ba(OH)j was titrated Vrith 0 05 n ozahcaad The media used for studies mclud 
mg the carbon determinations were sbghtly different from those listed above, 
CaS04 2H 0 replaced the CaCl and Fe^(S04)3 9HiO replaced the FeCls 6H3O 
This avoided the interference of chlondes in the detenninabons 

ni After reraovmg the ahquots for carbon determinations, the remaining 
hquid "was filtered through asbestos m Gooch cniables to separate the preapitated 
sulfur if any from the rest of the solution Some preapitated phosphates and 
growth were also removed by the filtration In cases where carbon determma 
tions ^ere not made the entire culture solution was filtered before any anal>ses 
?. ere performed. The filtrates were made to volume Smee insignificant amounts 
of sulfur other than that in the elemental form ^ere removed by filtration this 
sulfur IS referred to as elemental sulfur m the recorded results 

IV After bemg washed with a small quantity of distilled ^■atcr, the contents 
of the Gooch crucible ere washed into a 250 cc, beaker and total sulfur -was deter 
mined as sulfate after oxidation by a bromme-carbon tetrachlonde solution as 
recommended by Scott (24) This method proed to be very accurate and effec 
tive for oxidation of the vanous sulfur materials concerned m these studies 
Superoxol was effective as an oxidizing agent of sulfur onlv m strongly alkalme 
solutions The bromine potassium bromide oxidizing reagent suggested b> Scott 
proved ineffective m oxidation of the sulfur compounds The total sulfur con 
tamed m the filtrates of the culture solutions was also oxidized in a sumlar manner 
10 cc. ahquots of the filtrates bemg used m dupheate 

V After oxidation by Br CCI4 the total sulfur ^as determined as sulfate 
by the use of benzidme h> drochlondc recommended by Treadwell and Hall (33) 
The method v.’as modified m that the benzidine reagent was not strongI> diluted 
before addition to the solution bemg tested which was general!) made up to about 
lOOcc. B> use of a Buchner funnel as suggested the blank was too •variable smcc 
ver> little wash water is used It was found much more satisfactor) to use Gooch 
crucibles with asbestos piads which could be \ery readil> washed free of excess aad 
b> three portions of 5 cc. of distilled water In order that the preapitated ben 
zidme sulfate should not cake durmg filtration, a small amount of suspended 
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asbestos ^^as added to the liquid before filtration This greatlj accelerated sub- 
sequent titration with the NaOH The addition of asbestos was unnecessary 
with the determinations on the elemental sulfur since asbestos had been introduced 
in the form of the pad used for the initial filtration 

VI Sulfur occurring as sulfate in the culture filtrate was also determined by 
the use of benzidine hydrochlonde Dupheate aliquots of 10 cc were used in 250 
cc beakers Since thiosulfate decomposes in acid solutions and also precipitates 
to a considerable evtent with benzidine, this was oxidized bj iodine (0 1 n) w’hich 
was slowly added until a light yellow color persisted showing a slight excess of 
iodine The polythionates do not react with benzidine nor are they oxidized bv 
iodine Anj' sulfite or sulfide which might occur in the solution would also have 
been oxidized bj' the iodine but neither of these was found m any of the culture 
solutions After treatment w'lth iodine, the solutions were used for sulfate deter- 
mination as under V 

VII In order to determine whether or not sulfite or sulfide occurred in the 
solutions, the method of Kurtenacker and Bittner for the determination of thio- 
sulfate, sulfite, and sulfide in mixtures was used (13) It is unnecessar> to refer 
further to formation of sulfide or sulfite since neither was detected m anj of the 
culture solutions Consequently, the iodine titration of the culture filtrate was 
used for the determination of thiosulfate Duplicate 10 cc aliquots were used 
The titration was conducted with OOlN iodine solution using starch as the indi- 
cator m the solution acidified with acetic acid 

VIII The qualitative test for polythionates depended upon their reaction 
with alkalis as described in a preceding paper (29) The iodine titration of the 
unaltered culture filtrate indicates the thiosulfate Since treatment with alkalis 
caused polythionates to decompose to sulfite and thiosulfate, and since these two 
products react with iodine, a second titration with iodine following alkali treat- 
ment will be greater than the first in case polythionates are present 

Tri-, tetra- , and pcntathionatcs were determined essentially the same as out- 
lined b\ Rcisenfcld and Sydow (21) involving the reactions of tetra- and pcnta- 
thionatcs with sulfite as shown by Raschig (20), the reactions of these two poh- 
thionatcs with c\anidc as shown by Kurtenacker and Fritsch (IS, 10, sec also 
Kurtenacker and Bittner (14)), the reaction of all three poly thionatcs w itli mercuric 
chloride as dex eloped by Feld and Sander (8, 23) These methods proved to be 
quite satisfactorx but were not as desirable as methods for determining each of the 
poh thionates scparatch b\ specific reactions had such been axailablc 

I\ Tetra- and pcntathionatcs react with sulfite as follow s 

‘^,0-' + SOV - SaO-" -f OF (8) 

S OF -f 2 SOF « S,OF -f 2 S OF (9) 

The thiosulfate pro'luccd b\ the reactions can be determined by titration vith 
iodine The procedure vas conducted as folio, s Tvo 10 cc aliquots of the 
culture filtrate x ere place<] in 250 cc bcalcrs and 2 cc of saturatcfi Xa-SOj v ere 
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added, the solution neutralized ;vith 0 In KOH using phenolphthalein as indi 
cator, and after standing for S minutes 5 cc of fonnaldehj de (35 per cent) Tvere 
added to block the excess sulfite The deep red colored solution was decolorized 
with 10 per cent acetic acid and an excess of 20 cc was added This solution was 
titrated with 0 01 n iodine solution using starch as the indicator The iodine 
titration (which may be called a) measures the ongmal thiosulfate of the culture 
solutions and thiosulfate produced from reaction of tctra and pcntathionates 
with sulfite 

X The reactions of the poly thionates mth cj amdc are the following 

S4O/ + 3 CN d- HiO « SO* + CNS + 2 HCN + SjO,' (10) 

SA' + 4 CN + H,0 « SO*' + 2 CNS + 2 HCN + S,0,' (11) 

SA' + 3 CN + H 0 - SO*' + CNS -f 2 HCN + SO,' (12) 

The sulfite which is formed from trithionate is blocked by formaldehyde permit 
ting the titration of the thiosulfate from the tetra and pcntathionates with 
iodine In the determination two 10 cc ahquots of the culture solution are 
introduced into *400 cc beakers diluted (o about 200 cc , and then recei\e 7 cc 
of a 10 per cent solution of KCN After standmg for 5 mmutes, 5 cc of formal 
deh> de (35 per cent) are added together with 5 cc of 1 to 4 H2S04 The titration 
of this solution with 0 OIn lodme solution gives a measurement of the thiosulfate 
of the culture solution together with the thiosulfate formed b> the reaction of the 
tetra and pcntathionates with cyanide This value is b 

XT The polj thionates and thiosulfate react with mercunc chlonde as follows 

2 S,0, +3 HgCl, + 2 H,0 Hg,S,CI, + 4 Cl +2 SO*' + 4 H (13) 

2 S,0,' + 3 HgCI, + 4 H,0 - Hg,S,CI, + 4 Cl + 4 SO* d- 8 H (14) 

2 S*0,' d* 3 Hga, d- 4 H,0 « Hg,S,CI, d- 4 Cl d* 2 S + 4SO* d- 8 H (IS) 

2 SjO, d- 3 HgCl, d- 4 H,0 = Hg,S,CI, d* 4 Cl d- 4 S d* 4SO. d- 8 H (16) 

The acidity produced bj these reactions is determined as follows Two 10 cc. 
aliquots of the culture filtrate are placed m 400 cc beakers and the thiosulfate 
remaining in the solution is oxidized to tetrathionate by iodine (0 1 n), added a 
drop at a time until a very weak jcllow color persists The solution is made 
neutral to methyl orange and 100 cc. of saturated HgCh are added and the solution 
heated to boiling for 20 minutes After adding 100 cc of 4 N NH4CI, the solution 
is tJtmted to the original neutral color of methyl orange using 0 0714 wNaOH 
This titration measures the aadit^ produced from tn tetra and pcntathionates 
and the thiosulfate contained in the solution This value is called c 

Calculations were made as follows The iodine value (mg) of the thiosulfate 
m the culture filtrate as determined under VII was calculated on the basis of 
100 cc. of solution (m) This was subtracted from the iodine v’alue (mg ) calcu 
lated from (a) of the determination b> the sulfite method under IX and based on 
100 cc of solution This difference divided b) the atomic weight of iodine Is 
the mg atoms of lodme required for reaction with the thiosulfate formed from 
tetra and pcntathionates by reaction with sulfite (called x) 
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In a similar manner the iodine value m is subtracted from the iodine value 
(mg ) calculated from ft m the determinabon by the cyanide method under X 
and based on 100 cc of solution This difference divided by the atomic ■weight of 
iodine IS the mg atoms of iodine required for reaction -with the thiosulfate formed 
from tetra- and pentathionates by reaction with cj anide (called y) Then x-y = 
a, the mg atoms of lodme from the reaction of the excess thiosulfate formed from 
pentathionate by reaction with sulfite as in Reaction 9 This excess of thiosulfate 
IS shown by inspection of the reactions under IX and X to be 1 molecule of thio- 
sulfate for each molecule of pentathionate The following reaction shows that in 
titration of thiosulfate with lodme, I atom of lodme reacts with 1 molecule of 
thiosulfate 


2 SjO/ -his = 2 I' -f SiOs" (17) 

Consequently the value of a equals the milhmols of pentathionate found m 100 cc 
of the culture filtrate The sulfur content of this number of miUimols of penta- 
thionate is found by multiplying bv 160 3, the weight of the 5 atoms of sulfur in 
the molecule 

In the determination of tetrathionate y-a = the mg atoms of iodine required 
for reaction with the thiosulfate formed from tetrathionate by cyanide Since 
1 atom of iodine reacts w ith I molecule of thiosulfate which in turn is formed from 
1 molecule of tetrathionate (Reaction 10), the factor p also equals the millimols of 
tetrathionate Then /? X 128 24 is the mg of sulfur as tetrathionate in 100 cc of 
culture solution 

Calculations of trithionatc involve the use of the determinations from reactions 
under XI The mg of hydrogen equivalent to the thiosulfate previously deter- 
mined in 100 cc of culture filtrate (calculated from Reaction 13) is subtracted 
from the mg of hj drogen in 100 cc of culture filtrate reacting with alkali in the 
mcrcunc chloride method (XI) and calculated from c The difference is the 
h} drogen (mg in 100 cc of solution) from reactions of tn- , tetra- , and penta- 
thionatcs according to Reactions 14, IS, and 16 This value (called s) is also the 
mg atoms of h\ drogen The following equation permits the calculation of the 
miUimols of tnthionatc (y) 

s — 4a — 40 

y or the millimols of trithionatc 

Then y X 96 IS gucs the mg of sulfur as trithionatc in 100 cc of the culture 
filtrate 

SUSOIARY 

Various cultures (previously desenbed), which oxidize thiosulfate 
in mineral media ha\e been studied m an attempt to determine the 
products of oxidation The transformation of sodium thiosulfate by 
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Cultures B, T, and K yields sodium tetrathionate and sodium hydrox- 
ide, secondary chetmcal reactions result m the accumulation of 
some tn and pentathionates, sulfate, and elemental sulfur As a 
result of the imtial reaction, the pH mcreases, the secondary reactions 
cause a drop in pH after this imtial nse The primary reaction yields 
much less energy than the reactions effected by autotrophic bactena 
No sigmficant amounts of assimilated organic carbon were detected in 
media supportmg representatives of these cultures It is concluded 
that they are heterotrophic bactena 
Th novdlus oxidizes sodium thiosulfate to sodium sulfate and sul- 
func aad the pH drops progressively with growth and oxidation 
Carbon assimilation typical of autotrophic bactena was detected, the 
ratio of sulfate sulfur formed to carbon assimilated was 56 1 It is 
calculated that 5 1 per cent of the energy yielded by the oxidation of 
thiosulfate is accounted for m the orgamc cell substance synthesized 
from inorgamc matenals This organism is a facultative autotroph 
The products of oxidation of sodium thiosulfate by Th thoparus 
are sodium sulfate, sulfunc aad, and elemental sulfur, the ratio of 
sulfate sulfur to elemental sulfur is 3 to 2 The pH decreases dunng 
growth and oxidation The elemental sulfur is produced by the 
pnmary reaction and is not a product of secondary chemical changes 
The bactenum synthesizes orgamc compounds from mineral sub 
stances dunng growth The ratio of thiosulfate sulfur oxidized to 
carbon assimilated was 125 1, with 4 7 per cent of the energy of oxi- 
dation recovered as orgamc cell substance This bactenum is a 
stnct autotroph 


REFERENCES 

1 Ay>ar C V R., 1929, Biological oxidation of sulfur Part HI A sulfur 

oxidizing organism from activated sludge J Ind Inst Sc, 12 A pt 19 278 

2 Baas Becking L G , and Parks, G S 1927, Energy relations m the metab- 

olism of autotrophic bactena Physiol Rev 7, 85 

3 Beijennck, M W 1904 Ueber die fiaktenen, welche sich im Dunkeln mit 

Kohlensaure als KohlenstoffqucUe cmahren kQnnen Centr Bakl , 2 Abt , 
11, 592, also m Verzamelde Geschnften van M W Beijennck, hfunlch 
Bnickmann and Obemetter, 1921 4, 242 

4 Beijennck, M W , 1904, Ph&ioro6nes dc reduction produits par les microbes 

Arch Sc Exactes elNalurelUs Haarlem 9, senes 2 131 also in \^erzamelde 
Geschnften van M W Beijennck, Mumch Bruckmann and Obemetter 
1921, 4, 192 



348 


OXIDATION OP THIOSULPATE BY BACTERIA 


5 Burk, D , 1931, The reversibihtj' of coupled reactions in biological systems 

and the second law of thermodynamics, J Phys Client , 36, 432 

6 Debus, H , 1888, Chemical investigabons of Wackenroder’s solution, and 

explanation of the formation of its constituents, J Chcm Soc , 63, 278 

7 Duggeh, M , 1919, Die Schwefelbakterien, Nciijahrsbl Nalurforscli Ges 

Zurich, No 121, 1 

8 Feld, W, 1911, Use of sodium thiosulfate as a standard in alkalimetry, Z 

atigcw Chan , 24, 290, 1161 

9 Halvorson, H 0 , 1931, Studies on the transformations of iron in nature 

III The effect of CO2 on the equihbnum in iron solutions, Soil Sc , 32, 141 

10 Issatschenko, B L , and Sahmoaskaja, A G , 1928, Zur hlorphologie und 

Ph\siologie der Thionsaurebaktenen, Izytcslta Gosud Gtdrohol Inst 
(Proc Gov Bydrobiol Inst ) No 21, 61 

11 Issatschenko, B L , and Salimonskaja, A G , 1929, Ueber Thiobaktenen der 

Salzseen, Proc Inicniat.Cong Plant Sc , Ithaca, N Y, 1,221 

12 Jacobsen, H C , 1912, Die Oxjdation von elementaren Schwcfel durch Bak- 

terien, Folia nitcrobiol , 1, 487 

13 Kurtenacker, A , and Bittner, K , 1924, Em Verfahren zur Anah'se eines 

Gemisches von Sulfid, Sulfit und Thiosulfat auf jodometnschem Wcge, 
Z anorgan u allg Chcm , 141, 297 

14 Kurtenacker, A , and Bittner, K , 1925, Erne Methode zur Bestimmung der 

PoU thionsauren nebeneinander, Z anorgan u allg C//c;« , 142, 119 

15 Kurtenacker, A , and Fntsch, A , 1921, Ufaer die Emwirkung von Cjamd auf 

Tetrathionat, Z anorgan u allg Chcm , 117, 202 

16 Kurtenacker, A , and Fntsch, A , 1921, Eine neue Methode zur Bestimmung 

\on Thiosulfat neben Sulfit und von Tetrathionat, Z anorgan u allg 
Chcm , 117, 262 

1 7 Langc-Posdeeva, I P , 1930, Zur Frage von Ot> dation von Schi\ cfel und 

H^•posulf^ t durch Thionsaurebaktenen, Arch Sc Biot , (Russian), 30, 189 
IS Lieske, R , 1912, Untcrsuchungen uber die Physiologic denitrifizierender 
Schv.efclbaktencn, Bcr hot Ges , 30, 12 

19 Xathansohn, A, 1902, Uber einc neue Gnippe von Schwefelbakterien und 

ihren Stoffwechscl, Ml// cool Station Ncapcl, lb, 655 

20 Raschig, F , 1920, The Walter Feld process (of rcmo\ ing ammonia and h\ dro- 

gen sulfide from coal gas), Z angn Chcm , 33, 260 

21 Riesenfeld, E H , and S^do^\, G , 1928, Uber den Zerhll des Xatnum-lhio- 

sulfats in salzsaurcr Losung, Z anorgan u allg Chcm , 176, 49 

22 Salimowskaja, \ G , 1931, Zur Frage der Orv dation \ on 11% posulphit durch 

Baktencn (cine neue Form %on Thionsaurebal tenen), Leningrad Microbiol 
La^ llJrob'cl IrsI , Mfn Irst /Pc/rc' , (Russian), 4, 37 

23 Sarder, \, 1915-16, Sulfites, thiosulfates and poh thionates, I, 11, III, 7 

a'^gn. Clem , 23, 9, 273, 29, 11, 16 

24 Scott, Y s , 1927, Standard methods of chemical anahsis, N'c ■iorJ,D\an 

Xo'trand Co , 4th edition revised, 498 



ROBERT L STARRRY 


349 


25 Starkey R. L , 1925, Concerning the physiology of ThobactUus Ihtooxtdatis, 

an autotrophic bactenum oxidizing sulfur under aad conditions, J Bad , 
10, 135 

26 Starkey R L , 1925, Concerning the carbon and nitrogen nutrition of Tfno- 

bacillus thiooxidans, an autotrophic bacterium oxidizing sulfur under aad 
conditions J Bad 10, 165 

27 Starkey, R L 1935, Isolation of some bactcna which oxidize thiosulfate, 

Soil Sc , m press 

28 Starkey, R- L 1934 Cultivation of orgamsms concerned m the oxidation of 

thiosulfate, J Bad , 28, 365 

29 Starkey, R. L 1934, The production of polythionates from thiosulfate by 

microorganisms J Bad , 28, 387 

30 Starkej R L , and Halverson, H 0 , 1927, Studies on the transformations of 

iron m nature II Concerning the importance of microorganisms in the 
solution and preapitation of iron Sotl Sc , 24, 381 

31 Trautwem, K , 1921, Beitrag zur Physiologic und Morphologic der Thion 

saurebaktenen (Omehanski) Ccnlr Bakl f 2 Ahl ,53, 513 

32 Trautwem K., 1924 Die Phj'siologic und Morphologic der fakultativ auto* 

trophen Thionsaurebaktcnen unterbeterotrophen EmShrungsbedingungcn, 
CetUr Bakt , 2 Abt , 61, 1 

33 Treadwell F P , and Hall W T , 1930 Analytical chemistry, New York 

John Wiley and Sons Inc , 7th ^tion 2, 609 

34 van Niel, C B , 1931, On the morphology and phjsiology of the purple and 

green sulfur bacteria, Arck Mtkrohol , 3, 1 

35 von Deines, O 1933, Der Stoffwechsel der Schwefelbaktenen Naturunssen 

schaJUn 21, 873 

36 Waks^n, S A and Starkey, R* L , 1923, On the grow fh and respiration of 

sulfur oxidizmg bacteria, J Gen Phystol , 5, 285 




RESULTS OF IRRADIATING SACCHAROMYCES WITH 
MONOCHROMATIC ULTRA VIOLET LIGHT 

TV Relation of Energy to Observed Inhibitoby Effects 
B v R. H OSTER and W A ARNOLD 

{From the Laboratory of General Physiology ^ Harvard University Cambridge) 

(Accepted lor publication, May 10, 1934) 

Quantitative treatment of the changes resultmg in micioorgamsms 
after irradiation with monochromatic radiation of known frequency 
and mtensity has yielded useful information (cf Gates, 1929-30, 
Wyckoff, 1931-32), and has recently provided the basis for some in- 
teresting theones as to the mode of action and place of absorption of 
radiant energy by the livmg cell (t^ Crowther, 1924, 1926, Swann and 
del Rosano, 1932, Cune, 1929, GlocLer, 1931, Lacassagne, 1930, and 
Holweek, 1932) However, these theones cannot be tested properly 
until a large amount of quantitative data is obtained under carefully 
controlled conditions 

In the present paper certain data obtained on Saccharomyccs ccre- 
vtstae exposed to monochromatic ultra violet radiation of different 
wave lengths and measured mtensities (Oster, 1934-35) have been 
exammed accorchng to the method proposed by Mme Cune (1929), 
with respect to the amount of reproduction after irradiation and subsc 
quent incubation for 36 hours 

Yeast cells from 24 hour cultures were moculated on malt agar 
plates, exposed m a large quartz monochromator, incubated for 36 
hours at 25°C , and counted under the imcroscope as previously dc 
senbed (Oster, 1934-35) Although m most of the expenments cell 
counts were made solely on the basis of survival (i e , all cells fonmng 
two or more daughter cells were considered to be “alive”), in other 
expenments detailed counts permitted the cell groups to be placed in 
five classes (a) single cells, (i) 2-ceU groups, (c) 3 to 4-cell groups, 
(d) 5 to 16 cell groups, and (c) 16 or more-cell colonies 

The survival curve can then be plotted usmg the percentage of cell 
3S1 
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groups in a given class as the cntenon of “survival,” as a function of 
the inadent energy per unit area of receiving surface (Fig 1) 

The analysis of such survival curves has been treated by Curie as 
follows 

Let P = probability of survival, N/No 

p ~ S — i, where 5 = minimum number of quanta to kill 
X ~ amount of energy supplied 



Fig 1 Surmal curve of \cast cells exposed to monochromatic ultra-violet 
radiation of wax e-length 2225 A u The survival ratio N/N^ is plotted as a func- 
tion of the incident cnergx The cntenon used in this curve is the ability of the 
irradiated cell to form one or more daughter cells dunng 36 hours of subsequent 
incubaUon at 25°C The inflection point of the curve is indicated b> an arrov 
Each point plotted represents the counting of from ISO to 300 cell groups per 
irradiated area 


Then if v.e plot P as a function of x, Cune shows that at the point of 
inflection wc have 


dx 


■i-dip) 


(p-iy' 
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and by Stirling’s e-rpression for the factonal we reach finally 

iP ,/T . A-l 

“ y 2ir" y 2s- 

TABLE I 

Data used m determining the number of quantum hits (5) involved m the 
mbibition of cell division in >east exposed to ultra violet radiation of different 
wave-lengths according to the probability method of Mme Cune (1929) In the 
table X IS the abscissa value of the inflection pomt of the survival curve p ^ 4 , 2 r 
and 5 e -h 1 IS threshold number of quantum hits 


VV ave-IeQ£th 

Ko. 0 ! new celU formed 
in 36 hrs. 

* 

Slope dp/dx 

P 

S 







2225 

More than 1 

790 1 

0 on 

4 7 

5 7 


2 

700 

0 012 

4 1 

5 1 


... 4 

620 

0 012 

3 5 

4 5 


‘ 15 

540 

0 013 

3 1 

4 1 

2537 

* ‘ 1 * 

720 

1 

0 010 

3 4 

4 4 


‘ * 2 , 

440 ! 

0 016 1 

2 9 

3 9 


4 

435 

0 015 

2 6 

3 6 


15 

360 

0 017 1 

2 3 

3 3 

2804 , 

‘ 1 

785 

0 012 

S I 

6 I 


« 2 

490 

0 015 

3 4 

4 4 


“ 4 

485 

0 014 

2 9 

3 9 


15 

410 

0 015 

2 3 

3 3 

2652 

‘ 2 

470 

0 018 

4 3 

! 5 3 


7 

310 

0 024 

3 4 

4 4 

2482 

2 

680 

0 012 

4 4 

5 4 

2378 , 

2 

1120 

0 007 

4 0 

5 0 


Whence vjt can detennine 5, the ntunber of quantum hits necqssaiy 
to kill 

On this basis the available data for the separate classes of >east 
cells were plotted and a smooth curve drawn as shown in Fig 1, where 
the curve of survival ratio for cells irradiated at the v\ave length 2225 
A u , using the entenon of abihty to form one or more daughter cells 
m 36 hours, typifies the shape of the curves obtained By determm- 













354 


REACTION OP YEAST TO ULTRA-VIOLET LIGHT IV 


mg the inflection point the values of i and the slope of the curve were 
obtained and calculated from the expressions given above (Table I) 

If we neglect for the present the possible influence of otlier factors 
such as the age and the reproductive state of tlic cell at the time of 
irradiation, the values of S in Table I tend to indicate that the process 
of inhibiting and "killing” of yeast cells by ultra-violet energy fol- 
lo\\s a multiple quantum hit to kill relation, as suggested by WyckolT 
and Luyet (1931), and that the minimum number of quantum hits 
vanes from approximately four (required before cell division is in- 
hibited to less than fifteen daughter cells) to approximately six (re- 
quired before no daughter cells arc formed) If such a relation could 
be definitely demonstrated it might indicate the existence within the 
yeast cell of several small entities each of which arc involved in a 
future budding 

It should be pointed out that too much emphasis must not be placed 
on the significance of the values obtained for 5' Each point on the 
plotted survival ratios involved the counting of from 150 to 300 cell 
groups under the high power of the microscope, but to determine the 
slope and inflection point of the curve for a ngoroiis evaluation of 
hundreds of points and the counting of many thousands of cell 
groups i\ould be ncccssaiy 

However, an inspection of the values of obtained seems to indi- 
cate that diflcrcnt numbers of quantum hits are involved in the pro- 
duction of dilTcrcnt degrees of inhibition of cell division, and further- 
more that the number of quantum hits increases with increase in the 
degree of inhibition secured 


SUMMARX 

Data obtained on jeast irradiated with monochromatic ultra-violet 
radiation has been anal} zed for the number of quantum hits involved 
m the production of diflcrcnt degrees of inhibition of cell division, ac- 
cording to the method propo-^cd by Mmc Cunc (1929) Sufficient 
data are not available for a ngorous determination, but the calculated 
re-ults tend to indicate that a multiple hit to kill relation is followed, 
that different number-, of hits arc involved in the production of differ- 
ent degree^ of inhibition, and that this number increa'-es v ith imrea'^e 
in the degre'c of damage ■sustained 
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STIMULATION BY COLD IN NITELLA 

Bv SAMUEL E HILL 

{From the Laboratortcs oj The Rockefeller Inslilute for Medical Research) 
(Accepted for publication, May 14 1934) 

Umrath' has noted that action currents are produced in NtIcUa by- 
local application of cold • 

In order to see )ust -what happens the following procedure -nas 
adopted “ Cells which had been Lept for 7 to 12 days in Solution A* 
were tested, using the arrangement shown in Fig 1 All responded 
normally to electrical stimulation (about 120 mv n c applied by 
means of saturated calomel electrodes) 

The cell whose record appears m Fig 2 was placed on a paraffin 
block at room temperature (22‘’C ) with Solution A at C and D (the 
cell wall was imbibed -with Solution A) Fresh Solution A at 22°C 
was then applied at C, causmg no change ‘ Solution A at 1°C was 
then applied at C which became more negative* to the extent of 13 
mv , without setting up a charactenstic action current this happened 
in about 6 per cent of the cells (the alteration ranged from 10 to 
20 mv) 

* Umrath, K , Protoplasma, 1930 9, 576 

* This had also been observed m this laboratory by IV J V Osterhout and 
E S Harris and photographically recorded in 1927 (personal communication) 

* The techmque unless otherwise stated, is os m previous papers (Osterhout, 
W J V and Hill, S E ,J Gen i’Ayrwf ,1930-31,14,473 1933-34 17,87) The 
experiments were earned out at room temperature 22 ± 1“C The material was 
Nitella Jlexilts Ag 

* This IS a nutnent solution for its composition see Osterhout, W J V , and 
HUl S E y Gen Physiol 1933-34, 17, 87 

* The solutions were poured rapidly and conUnuously on a stnp of filter paper 
which passed under the cell at C, precauUons bemg taken to avoid mechanical 
or electrostaUc shock In some cases there are irregular small changes (2 to 3 
mv ) os the result of this procedure 

* That this change is not due to streaming potential is shown b> the fact that it 
does not occur if the solution is at room temperature 
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As the normal potential across the protoplasmic surface is out- 
wardly directed (positive) the fact that C becomes more negative 
means that there is a partial loss of p d 
As explained elsewhere the measured p d depends on a number of 
E M F ’s^ and of resistances ® The temperature coeffiaents need not 



Fig 1 Arrangement for testing cells (placed on a block of paraffin) with solu- 
tions at vanous temperatures The electrical stimulation was applied through 
saturated calomel electrodes at A and B C was a flowing contact for changing 
solutions durmg recording The recording instrument (G) was a Cambridge string 
galranomcter with thermionic amplifier (making the measurement essentially 
electrostatic) 

be the same for all of these Hence (even m the absence of secondary 
effects and of stimulation) we do not know' just how' much lowering of 
p D to expect with a given fall of temperature,’ but it seems safe to 

' The lowering of temperature would, of course, lower the e M F and raise the 
resistance Lowenng the temperature from 22°C to about 3‘’C increased the 
aaerage resistance of 10 N^Uclla cells 44 2 per cent This is the combined ohmic 
and polarization resistances at one spot, I cm long, in contact with Solution A 
The other contact was chloroformed The measurement of resistance was made 
according to the method of Blinks (Blinks, L R , 7 Gen P/iystol , 1929-30, 13, 
495) 

\ccording to Bernstein (Bernstein, J , Elcktrobiologic, Braunschweig, F \ie- 
weg und Sohn, 1912, 91) the r n in muscle is dirccth proportional to the absolute 
temperature Bernstein (Bernstein, J, Arc/r ccs Physiol , 1910, 131, 589) also 
states that the demarcation potential of muscle changes when the temperature is 
altered at the intact surface, but not when the change is made at the cut end 
\ erzJlr (\ erzar, F , Ucl gcr Phssiol , 1912, 143, 25 2) repeating this experiment, 
found an effect ako at the cut end 

* Fo'- a discus-’oa of e J’ r 's and resistances in \ite'!a sec Osterhout, U J V , 
and Hams F S 7 Gcr PI \sio! , 192/— 28, 11, 6/3 

* Rai-’^g the tempemturc abo\ c that of the room docs not produce much change 
ir r D P-c reason *or thi- is ro* dear bat it ma depend on the fact that as the 
r 1 ' F i'’CTe''^c? the re? -“’rcc fall? 
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say that it would be of the order of magnitude observed in these ex 
penmen ts 

When the flow of cold solution at C ceased the onginal pd Mas 
slowly regained ' The whole procedure shown in Fig 2 is fairlj 
typical for those cells which are not stimulated 
As a rule the sudden apphcation of cold Solution A stimulates the 
cell and a negative variation results The shape of the action curve 



Tig 2 Photographic record of partial loss of p D m iVihf/o caused bj apphea 
tion of Solution A at 1®C at C b\ flowing contact (arranged as m Pig I) b>o 
charactensuc action current was produced The cell had been kept in Solution 
A for 6 dais The aertical lines represent 5 second interaals Room tempera 
ture 22 C 

at the cooled spot differs from that at a normal spot m one or more 
of the following particulars (1) The ratio of the height of the 
first peak to the second is reduced (2) The total change of r n is 
greater or less at the cooled spot (3) The rccoren of potential is 
slow er at the cooled spot 

Tig 3 (the experiment being arranged as m Fig 4) shows the re 
duction of the first peak and decrease in total change of potential In 

Gasser (Gasser H S Am J Physio! 1911 97, 254) states that cooling 
frog nerv c causes a prolongation of the spike accompanied h\ a considerabfc falling 
off in height and this effect increases as the temperature is lowered 
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this case C, D and E were in contact uith 0 001 M KCI (at 23°C ) 
The negative ^arlat]on at D (middle curve) which was started b} the 
application (at D) of 0 001 m KCI at 1°C spread along the cell in 

Neg 
0 

Pos 

Neg 
0 

Pos 

50 mv. 

Neg 
0 

Pos 



SAMUEL E HILL 


361 


first peak is lacking at the cooled spot ('middle cui^ c) In both these 
records F had been killed b> chloroform at the start to gi\ e mono- 
phasic responses 

In Fig 3 the action current carried the p d at the normal contacts 
to zero or nearly so, \^hlle in Fig 5 the action current reduced the 
PD by only about t^\o thirds of its value This is not unusual in 
Nitella, an action current frequentl> failing to discharge all the 
polarization of the membrane 

Fig 6 (with the same arrangement, but with Solution \ on contacts 
Cj D, and E, and with 2 cm spacing between contacts) shows a 



Fig 4 Arrangement for testing cells (placed on a block of paraffin) with sole 
tions at various temperatures Z> ts a flowing contact for changing solutions dur 
ing recording F mav or ma\ not be killed All contacts are made through 
saturated calomel electrodes GGG represent Cambndge string galvanometers 
with thermionic amplifiers (the measurement is esseniiallv electrostatic) The 
recording instrument was a Cambndge Tvpe A stnng galvanometer in which the 
single string had been replaced b\ three tungsten wires each 5ju m diameter 
Careful calibration shows the deflections to be proportional to the applied voltage 
within the limits of the recording paper here emplov ed 

relative increase in the second action curve at the cooled spot In the 
first action current at D (middle curve), before D was cooled the 
change of pd was approximately the same as at C and E but after 
It was cooled (second action current) the second peak of the curve was 
higher b> about 40 mv This m itself is not unusual, as such varia 
tions have often been observed” at ordinar> temperatures In this 
case (and man> other cases like it) the onI> difference in conditions 
at the three recorded contacts was the cooling at contact D In Fig 
7 the variation caused b} the application at D (upper curve) of 

“ The fact that the action curve goes above zero mav be due to some positive 
p D at the common contact E 
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Solution A at 1° was practically the same as at contact E (lower cun^e) 
at 22°C The reason for the occasional increase in value of the second 
peak will be discussed m a later communication 



Fig 5 Photographic record of negative variations caused bv the application 
of 0 001 Ji KCl at 1°C at D (Fig 4) The top curve shows changes at C, the 
middle curve at D, and the bottom curve at E All contacts w ere 0 001 ii KCl 
F was killed with chloroform before the experiment started The cell was kept 
for 2 davs in Solution A The vertical lines represent 5 second intervals Room 
temperature, 21°C 

In C/iara^- we observe at the cooled spot a curve tvhich shows less 
total change in p D , or slotver recover}’’, or both, than at a spot at 
room temperature This is showm in Figs 8, 9, and 10'^ Here 

This IS Chara coromla, Ziz 

The arrangement, solutions, and distances were as in Fig 4 
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Fig 6 Photographic record of negative variations in NUdh The first varia 
tion was caused b\ electrical stimulation with 120 mv p c at 5 (Fig •!) The 
vanation passed along the cell and was recorded at C (top curv e) D (middle cur% e) 
and E (bottom curve) The appbcation at D of Solution A at 22 C (showm by 
the sbght disturbance on the curves 45 seconds after the record started) was with 
out effect The second vanation was caused by the application at D (67 seconds 
after the record started) of Solution A at 1®C It passed along the cell in both 
directions and was recorded at C (top curve) and L (bottom curve) F was 
brought nearlv to 2 ero b\ application of 0 01 u K.C1 at F before the record started 
All contacts were Solution A in which the cell had been kept for 17 da\s The 
vertical lines represent 5 second intervals Room temperature 21“C 



Fig 7 Photographic record of negative v'anations in A tlella The first reac 
tion was caused b\ electncal stimulation at B (Fig 4 with C omitted) The vana 
tion passed along the cell and was recorded at D (upper curve) and L (lower curv c) 
The second ^'a^atlon recorded in the upper curv e tos caused h\ the apphcation 
at D of Solution A at 1®C The negative vanation passed along the cell and was 
recorded at £ (lower curve) The pd at £ was brought nearl\ to aero b\ the 
appbcation of 0 01 Ji KCl before the record started All contacts were Solution \ 
m which the cell had been kept for 5 da\*s The vertical lines represent 5 second 
mtcrvuls Room temperature 22 C 
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0 001 M KCl at 1°C was applied at D (middle curve), causing a 
negative variation which spread in both directions (the action curve 
with a single peak is characteristic of Chard) It will be observed in 
Figs 8 and 9 that the polarization of the cell was only partly dis- 
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Fig S Photographic record of negative variations in Chara caused the 
application of 0 001 m KCI at 1°C at D (Fig 4) The top curve shows the changes 
in potential at C, the middle curve at D, and the bottom curve at £ All contacts 
vere 0 001 ii KCl F \\as killed before the experiment started The cell was kept 
for 5 da^ s before use m Solution A The vertical lines represent 5 second inter- 
vals Room temperature, 22°C 

charged (i c the action curve does not go to zero) in these two experi- 
ments It IS interesting that the phenomenon of stimulation of 
single cells by cold solutions could be observed in two genera of 
plants 
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It may be noted that solutions at 14°C rarely stimulate iVitf/Zo those 
at 10°C stimulate in about half the cases, those at 8°C stimulate m 
about 80 per cent of the cases, and those at 1°C in about 94 per cent 



Fig 9 Photographic record of negative \anations in Chara caused h\ the 
application of 0 001 M KCl at 1 C atZ7(Fig 4) The top curve shows the changes 
m potential at C the middle curve at D and the bottom curve at £ All contacts 
were 0 001 xi KCl F ivas killed before the expenment started The cell was kept 
for 5 dajs before use in Solution \ The vertical lines represent 5 second inter 
vals Room temperature 22 C 

It appears possible that the action current starts as the result of a 
sudden break in the non aqueous surface Jaj ers of the protoplasm ” 
At room temperatures we suppose these layers to be liquid but if the\ 

For a discussion of such Ia\ers see Obterhout W J \ Frgehn P/nstel 
1931, 36, 1021 
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were partly or wholly solidified by a fall of temperature’^ they might 
possibly be ruptured by the protoplasmic movement wluch is con- 
stantly present in these cells and which continues for 10 seconds to 



Fig 10 Photographic record of negative variations in Chara All contacts n ere 
tap water, in w'hich the cell w as kept for 2 da\'S before use The first ^^rlatlon was 
caused by stimulation with 120 mv d c at 5 (Fig 4) The negative ^nation 
passed along the cell, being recorded at C (top curve), D (middle curve), and E 
(bottom cuiw^e) The second negative variation was caused b} the application of 
tap water at 1°C at D (Fig 4) This negative variation passed along the cell m 
both directions, being recorded at C and E 

The simultaneous downward movement of the three curves (diphasic response) 
IS caused bv the response at F, the common contact 

The vertical lines represent 5 second interv^als Room temperature, 21°C 

several minutes after the start of the action current set up b}^ tlie 
cooling The waiter has found that a spot m contact with SoluPon 
A at 1°C IS mucli more sensitive to mechanical sPmulation tlian at 

As the temperature is lowered certain oils show sudden and great increases 
m \iscosit\ {cf Gasser, H S , 4;;; J Phvsiol , 1931, 97, 254) If the non-aqueous 
protoplasmic surface behaved m this wav it might easilv be ruptured below the 
cntical temperature 
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room temperature The outer lajer X would seem to be less sus 
ceptible to rupture when chilled, owing to its adherence to the 
cellulose wall and its distance from the actively streaming proto 
plasm WTien the action curves seen at the chilled spot show a 
double peak'' this can be accounted for if we suppose \ to remain 
intact when k is ruptured 

Slow cooling does not appear to produce action currents This 
might be due to the fact that protoplasmic streaming falls off so rap 
idly that it can no longer rupture the protoplasmic surface at the 
time when the latter has become solidified Other changes may 
occur on cooling which contribute to this result 

Chilling to 10°C or lower may cause a block so that a negative 
V anation may be unable to pass the chilled spot This may be due 
to the fact that the chilled and partly sohdified non aqueous sur 
face lajers are mcapable of the sudden increase of permeability (due 
to electrical changes) which is apparently charactenstic of the neg 
ative variation '• 

It may be added that the salting out ratio alters with temperature " 
A change of temperature could therefore cause changes of potential 
by causing salts to move in or out of the non aqueous protoplasmic 
surfaces which are the chief seats of E u f I\Tiether this has any 
effect in this case is uncertain 


SUMMARY 

Sudden local chilling causes action currents to be set up in Xticlla 
and in Cliara, an effect which docs not follow gradual local chilling 
This may be due to a partial sohdification of the non aqueous proto 
plasmic surfaces which makes them susceptible to rupture bv the 
protoplasmic streaming This movement continues usuallj for se\ 
eral minutes after the chilhng whereas if stimulation occurs at all it 
occurs immediately on chilling It is found that a chilled spot is 
much more sensitive to mechanical stimulation than is a spot at 
room temperature 

Chilling IS accompanied by a rise of resistance a lowered rate of 
recovery following stimulation, and usually by a falling off in the 
magnitude of the action curve 

''Oslerhout V\ J V J Gen Ph\si 0 l 1934-35 18 215 

" Randall M and Tarlei C T Ckcm Ret 1927 4, 291 




POSITIVE VARIATIONS IN NITELLA 

B\ lA J V OSTERHOtJT and S E HILL 
{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Accepted for publication Ma\ 14, 1934) 

Under suitable conditions we find positive and negative vanations 
in the same cell of Nitclla As this is of some theoretical interest a 
brief account of the experiments is here presented 
By way of definition we may say that when stimulation produces 
a temporary loss of r d at a spot which is positive^ m its resting state 
the electrical variation is called negative (all the \ariations desenbed 
in the literature are of this kind) It follows that when stimulation 
produces a temporary loss of pd at a spot which is negatne in the 
resting state (so that the spot becomes less negatixe) the electrical 
variation may be designated as positive 
In some earlier experiments* cells were stimulated mechamcallj bj 
cutting The cut created a compression wave which traveled along 
the cell, causing a loss of p d at every point A spot which was in 
contact with 0 001 m KCl and therefore positive, became more 
negative A spot in contact with 01 m KCI, and therefore negative, 
became more positive Tor example, two spots, A and C, were made 
negative by applying 0 1 m KCI The cell was then cut close to A 
This caused the p d to fall to zero’ more rapidl> at A than at C * In 
consequence A became temporaril> positive to C’ 

» The p D IS called positive i\hen the positive current tends to flow from the 
sap across, the protoplasm to the external solution 

Histoncalh the term negative u^as applied to the cicctncal vanation not 
because it becomes more negative (when the potential is defined m the conven 
tional wav) but becausea loss IS involved Bv usage however a negative v'ana 
tion has come to mean a change bv which a spot becomes more negative and we 
shall so consider Jt 

* Osterhout J ^ and Hams E S / Gen Physiol 1928-29 12, 167 355 
Oi.terhout W J \ andHiU S E / Gen Plnsiol 1930-31 14,385 473 
’ Cf Oaterhout W J \ and Hams E S / Gen Ph\sio! 192S-29 12, 10( 

^ The process begins almost simultaneouslv at both places but proceeds more 
rapidlv at 1 because it is nearer to the cut 

’ Cases have al*;© been desenbed (rf CEterhout ^\ J \ and Hams E S 
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This positive variation is not completely analogous to a negative 
variation since for one thing it is not reversible But we may stimu- 
late reversibly by pinching or bending the cell instead of cutting it 
We thus obtain positive variations which are reversible 
This may be illustrated by some typical experiments The record 
in Fig 1 was made by arranging two cells^ as in Fig 2 with a nutrient 
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Fig 1 Photographic record of experiment arranged as m Fig 2 Room tem- 
perature 21°C The vertical marks are 5 seconds apart The electrical variations 
follou ed a pmch near contact A The top curve records changes at A , the middle 
curve changes at B, and the bottom curve shows that little change occurred in the 
circuit connecting C and Z> Upward deflection of the string represents relative 
increase in negatlvlt^^ of A, B, or B Any change of potential at C would result 
in simultaneous movements in the same direction of all three curves, and any 
change at the junction of the two cells would result in simultaneous movements in 
the same direction of the two upper curv’^es (No such change occurs m this 
case ) 4 was m contact with 0 1 ii KCl + 0 01 m CaCh, and B, C, and D were in 

contact with Solution A,'' in which the cell had been kept for 10 da\s 

Gen Physiol , 1927-28, 11, 695 (Fig 18)) m which chloroform was applied to a 
spot in contact wnth 0 1 ir KCl, as the result of w'hich the spot became less nega- 
te e, then more negative, and then went to zero This might be interpreted as a 
positixe vanation superimposed on a death curve 

® The plant is Nitella flcxihs, Ag The technique, unless otherwise stated, is 
that described in prewous papers (Osterhout, W J 1'’ , and Hill, S E , J Gen 
Phvsiol , 1930-31, 14, 473, 1933-34, 17, 87) 

■ For the composition of this solution see Osterhout, W J \ , and Hill, S E , 
J Gen P/nsioI , 1933-34, 17, 87 Its effect on the P n is approximateh that of 
0 001 Jt KCl 
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Fir 2 \rrangement used in making thcrecordshown m Fig 1 on tnonaturalU 
united cells from the same fihment of NtkUa Contacts B C and D are Solu 
lion A and contact I is 0 1 it KCl 4- 0 0! it CaClj The cells were placed on a 
paraffin block in a moist chamber and the contacts made through calomel elec 
trodes GGG represent string gilvanomctcrs with thermionic amplifiers (all 
three strings in the same magnetic field) The method of measurement is es 
scntialU electrostatic 
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Fig 1 H\pothclical diagram of the P D across the protoplasm of the cell whose 
record is show n in Fig I I is in contact w ilh 0 1 ii KCl and B w ilh Solution A 
The arrow s show the direction in w hich the positi\ c current tends to flow and their 
length indicates \cr\ roughl\ the magnitude of the r d 


ducccl b\ cutting as already described) But the loss was tcmporar\ , 
and the process was reversible Although A and B were 3 cm 
apart the start of the response was practicallj simultaneous at both 
places as would be expected since the compression wave produced 
b> pinching travels along the cell at a high rate of speed ’ 

* This Ins praclicalK the same effect on the r n as 0 1 3i KCl For the latter 
•^ce Osterhout \\ J \ and Hams 1 S J Cm Pfnswl 1927-2S 11,673 1929- 
30 13, 47 
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The temporary loss of p d at ^ produced a positive variation (as 
shown in the top curve) because A was negative but at B it pro- 
duced a negative mechanical variation® (as exhibited m the middle 
curve, which shows the p d of 5 with reference to C) because B was 
positive 

A second pinch near A produced a similar result 
The bottom curve (showing the p d of C with reference to D) ex- 
hibits no change except a slow drift This means that the mechanical 
stimulation did not pass'® to the cell at the right Hence it is evident 
that all the changes recorded in the top and middle curves (except the 
slow drift just mentioned) occurred at A and B 

If the slow drift seen in the bottom curve occurred at C" it means 
that a correction should be applied to the p D of A as seen m the top 
curve When this is done it is seen that the recovery after the second 
positive variation is practically complete, while that after the first 
positive variation is nearly complete 
We may picture the situation m the cell as in Fig 3 When the 
cell IS pinched at or near A, a compression wave travels along the 
cell ® ® On reaching A it causes a loss of p d (partial or complete) 
Perhaps the simplest assumption is that this is due to a mechanical 
rupture of the non-aqueous protoplasmic surface layers Previous 
experiments indicate that the more violent the mechanical disturbance 

® Such variations are called mechanical to distinguish them from ordinary 
negative variations not produced bv mechanical stimulation Some points of 
difference have been discussed in a previous paper (Osterhout, W J V , and Hill, 

S E , / Ge// Physiol , 1930-31, 14, 473) Others appear on comparing the curves 
given here (and in the previous paper) with the figures shoeing the ordinary propa- 
gated negative variation (as shown in previous papers), but as these figures do not 
show the great varietj" of forms which occur m the two kinds of variation caution 
must be used in drawing conclusions in this respect 

1® Inasmuch as the circuit from ^ to C passes through the end of the left-hand 
cell a disturbance at that spot might be registered An ordlnar^^ negative (non- 
mechanical) variation does not as a rule affect the bottom curve vhen the cells are 
arranged as in Fig 2 Cf Osterhout, W J V , and Hill, S E , / Gen Physiol , 
1929-30, 13, 547 

"If the slow drift occurred at D it would show in the bottom curve but 
changes at D would not show m the top or middle curve since in these cases 
D was not in the circuit 

Osterhout, W J V , and Hill, S E,7 Gen P/ryjio/ , 1930-31, 14, 473 
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the greater the loss’^ of p d (as the compression wave travels along the 
cell its effects diminish) and the greater the danger of irreversible 
injury Repeated pinching is apt to cause injur> Fig 4 shows 
that after the first four pinches recovery was complete but not after 
the fifth and sixth 

The fact that the loss of p d is gradual may be due to a senes of 
ruptures followed by immediate repair in the fashion of a contractile 
vacuole discharging itself by a rupture of the surface ” The loss of 



Fig 4 Photographic record of experiment arranged as in Fig 5 Room tern 
perature 25 C The \ertical marks are 5 seconds apart The electncal vana 
tions were set up bj bending near contact 4 Contact B ^^'as killed b^ chloroform 
before the record started and the movement of the stnng results whollv from 
change m potential at A Downward deflection of the curve shows that A is 
becoming more positive 

p D would then depend on the number of ruptures existing at a given 
instant and might be gradual (this would also appl> to recover)) 
Since the outside concentration of K+ is greater than that inside 
there may be some penetration of Iv+ (due to the rupture or other 
changes taking place dunng the positive variation) m which case 
recovery would not be complete until the penetrating K+ had dif 
fused awa> into neighboring regions 
WTien we consider Fig 3 we see how the compression v\ave acts 
When it causes a loss of p d at ^ this spot becomes more positive but 

Osterhout W J V and Hams E S / Gen Physiol 192S-29 12, 1/9 
(Figs 16 a and 16 6) Osterhout W J V and HiU, S E J Gen Ph\sioJ 19^0- 
31 14, 481 (Fig 11) 

The semor author has made artifiaal models which illustrate this perfectU 
In some of these models numerous ruptures occur simultaneousK or m quick 
succession each being followed b\ repair 
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when it causes a loss of p d at 5 this spot becomes more negative (here 
too the loss may be partial or complete) 

It IS evident that the procedure is quite different from that in a 
propagated negative variation of the usual sort According to the 
local circuit theory such a variation would not be able to pass A 
because it is propagated by setting up at successive spots on the cell 
an outgoing electrical current When it reached A it could not do 
this and in consequence A would act as a block This is confirmed 
by experiment 



Fig 5 Arrangement used in making record shown in Fig 4 Contact A is 
0 1 m KCl 4- 0 01 M CaClj, and contact B is Solution A -1- CHCfi The cell ^\as 
kept in Solution AJ for 10 da^ s before use The cell was placed on a paraffin block 
in a moist chamber and contact made through calomel electrodes to G, representing 
a string galvanometer mth thermionic amplifier The method of measurement 
IS essentially electrostatic 


It IS likewise evident that a propagated negative variation could 
not pass a killed spot but that a compression wave might do so This 
IS also confirmed by experiment 

An interesting experiment is recorded in Fig 4 which shows a 
monophasic record of eight positive variations set up by successively 
bending'^ the cell near A (the cell was arranged as m Fig 5) B was 
kiUed by means of chloroform so that it could exhibit no changes in 
potential A was in contact with 0 1 m KCI + 0 01 m CaCb and 
was 24 mv negative to B as shown by the record (since the p n at 5 
was practically zero the values shown in the record are those at Al) 
The bendmg at A was carefully done, and the first four responses, 
while variable in extent, showed complete recovery Recovery after 
the fifth and sixth stimuli was not complete The seventh and eighth 

The number of pmches which the cell can endure without injure depends on 
the magnitude of the mechanical disturbance and the state of the cell Some- 
times a smgle pinch causes permanent mjun 

It will be obsen^ed that the coordinates have been given values which em- 
phasize the responses The sensitiviU of the string, as compared with that in 
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stimuli, which sent the potential appro\imateh to zero, nert also 
follow ed bj incomplete recover} 

It IS evident that the positn e variations described in this paper are 
analogous to the negative mechanical v arntions desenbed earlier and 
It therefore seems appropriate to call them positiae mechanical 
a anations 


SDltSIARA 

The reversible electrical variations hitherto described for plants and 
animals consist in a reversible loss of positive potential at a stimulated 
spot by which it becomes more negative 
In this paper we describe changes which consist in a reversible loss 
of negative potential at a stimulated spot wherebv it becomes more 
positive We suggest that this be called a posiLia c v ariation 
The stimulation was produced m all cases bv pinching or bending 
the cell This produced a compression wave which traveled along 
the cell, produang a negative v ariation at a spot w hich w as positiv e 
and a positive variation at a spot whidi was negative (due to applica 
tion of 0 1 VI KCl) 

The response produced b} the compression w av e differs in several 
respects from an ordinary propagated negativ e v ariation and mav be 
termed a positive mechanical variation 


Fig 1 IS a little more than four tunes as great while the S second marts arc onl\ 
one half as far apart 




NATURE or THE ACIION CURRENT IN NITELLA 
II Special Cases 
B\ S E HILL AND W J V OSTERHOtn 
(r rom Ihc Laboratories of The RockejeUcr Institute for Medteal Research) 
(Accepted for publication Maj 25 1934) 

In the first paper of this senes the general features of the action 
curve of Xtlclla were interpreted as due to the movement of potassium 
ions accompanied by an increase in permeabilitj 

Can this idea caplain the variations which the action curve evhibits’ 
For this purpose vve may consider the successive movements We 
may begin with a fairlj typical action curve' such as is shown in 1 ig 
1 This was obtained bj leading of! as shown in Tig 2 (the stimulus 
consisting of an outgoing electrical current at B) In this, as in all 
other records shown in this paper the common contact P was killed 
with chloroform (unless otherwise stated), making the records mono 
phasic Inasmuch as curves like those shown in this paper have been 
obtained with cells in which no spot had been killed or injured it is 
evident that these forms of the action curve arc not influenced bj 
the killing of P 

The first moocmcnl {o, Fig I) If this is due to the passage of K' 
across the inner protoplasmic surface ] , causing a loss of P n its 
speed and extent will depend on the rate of movement of K+ and on 
the uniformity of behavior of the region which is being recorded If 
at one spot K'*' begins to move rapidly the start of the o mov ement 
wall show corresponding speed but the latter part of the movement 
may be slow because the process will be incomplete until I reaches 
the same state over the whole region involved Before this happens 
R'*' may reach the outer non aqueous lav cr in some part of the region 

* We regard as fair!) tvpical an action curve in which both the first and second 
peaks approach zero but there is a good deal of vxiruition in tins respect 

\ erv frcquentlv vve lead off from an area of cell I cm in length all of which is 
in contact with the solution 
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NATURE OF ACTION CURRENT IN NITELLA 


II 


SO that a positive potential may be built up at X which will prevent 
the 0 movement of the curve from reaching zero (such a positive 
potential may exist from the start this will be discussed in a later 
paper) Furthermore, if K+ moves so rapidly^ across IV that its 
concentration at the outer surface of F does not reach the same level 
as at the inner surface the o movement may not go to zero * The 
curve sometimes lacks a good deal of going to zero as shown in Fig 3, 
but in general the approach to zero is closer than this 


Neg 

0 

Pos 


50 mv 


Fig 1 Photographic record showing a fairlv typical action curve in which 
the 0 and q movements go to zero The experiment ivas arranged as in Fig 2, 
emploMng contacts C and F onh F was killed noth CHCl? before the record 
started to secure monophasic recording at C C w as in contact w ith 0 001 m KCl 
The cell had been kept in tap water before use The vertical marks are 5 seconds 
apart Temperature, 23°C 

^^dien the positive p n in the resting state depends in part on a 
positive p D across the outer protoplasmic surface, X, the o move- 
ment x\nll not go to zero since the outward movement of K (which 

^ The time required for the movement x'aries according to the thickness of the 
la\ers and the degree of stirring produced b\ the protoplasmic motion (which 
is alwais present in NitcUa) 

■* ^Vhen the action curve has a smgle peak and the o movement does not go to 
zero the cause ma\ be different This will be discussed in a subsequent paper 

^When we record the pd of a spot I with reference to another spot B in 
contact with chloroform the action curx’e of I sometimes appears to go be\ond 
zero and become negatixe, but this is regarded as due not to negativiti at I but 
to positmti at B 




S E inLL AND W J V OSTERIIOUT 


379 


causes the loss of the p d across F) will not cause the r D across A 
to disappear at once As moves on across TF to \ it will increase 
the positive p d across Y, thus causing the p movement When it 
reaches the outside of \ it jna> cause the p D across \ to disappear, 
thus carr} ing the q movement to zero, or nearl> to zero, as in Fig 3 
As previously explained® there may be a breakdown (partial or 
complete) in the I lajer i\hich might cause the o mo\cmcnt quite 
independently of an> migration of K+ 

The second moicmcnl (/>, Fig 1) If K+ traveled outward in the 
form of a sharply defined moving boundary we should expect a sudden 
increase of positive pd when it reached the inner surface of \ and 
this might carry the p movement back to thi starting iioint of the 



( Single ceil o| NiteJld 

2 cm -H-2cm -*i— 2cii>-+-2cm'^2 cnH 


ri 9 2 Arrangement for testing cells GCC represent string galva 

nometers with vacuum tube amplifiers arranged csscntialJv as short period electro 
static voltmeters For details see Osterhout W J V and Hill S F / Gen 
Ph\stol 193 V34 17,87 Absorbent cotton moistened with the contact solution 
connected the cells to saturated calomel electrodes between contacts the cell 
was surrounded b^ air 


action curve if K'*’ produced as much effect on \ as on I Jhis 
seldom happens but an instance in which it goes down a good wa> is 
shown^ in Fig 4 and one in which it goes back to the starting point is 
seen in Fig 5 

The fact that the p movement docs not usually descend verv far 
IS not surprising as the moving boundary tends to lose its sharpness 
in passing across IF since this is a comparatively thick aqueous lavcr* 
which, in Ntklla, is continually agitated by protoplasmic motion ® 

'Osterhout U J \ / Gen Phystol I934-3S 18,21'; 

^ In these cases the thickness of the protoplasmic la\cr If and the proloplas 
mic motion in this la\er were probabK smaller than usual 

® The total thickness of the protoplasmic la\er is not mudi more than 10;i 
the la\ers \ and 1 maN be \er\ thin 

’ This mai be true in lesser degree of I aJoma 
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I-IG ? Photographic I ccorci showing an o movcinciit whicli docs not go to /tio 
The record was arranged as in hig 2, cmpIoMiig contacts C and /' onl\ /' was 
killed with ethvJ alcohol before the record started to scciiic nionoph.isic recording 
at C C was in contact with 0 001 m KCl The cell h,id been storcfl in Solution A 
(for the composition of this sec Osterhont, W ) V, and Hill, SI-,/ (uii 
Plrnwl , 1911-U, 17, ,S7) hi 21 d.ns and in 0 001 At NaOll fot I hoiii bcfoii 
use Ihc vertical niaihs arc S scroiids apait I cinpciatnic, 22'’( 




Tig 4 Photographic record in which the /> movement is greater than usii il and 
the <7 mo\ement less than usual ihc experiment was irringcd as in 1 ig 2, 
cmploxing contacts C and 7' onh 7' was killed with CHCIi before tiic record 
started to secure monophasic recording at C C was in contact with Solution A, 
in which the cell had been kept for 10 dns ihc vertical marl s arc '5 seconds 
apart Temperature, 20°C 
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In consequence the concentration at the inner surface of \ would not 
as a rule reach the value found at the inner surface of I (especiallj as it 
w ould be lessened b> outw ard diffusion through \ ) The same factors 



Tig 5 Photographic record m \shich the p mo\ement descends to the starting 
point of the action curve The experiment was arranged as shown in Fig 2 
emplojmg contacts C and F onlv F was killed with CHCIa before the record 
started to secure monophasic recording at C C was m contact with Solution A 
m which the cell had been kept for 10 davs The vertical marks are S seconds 
apart Temperature 20 C 



lie 6 Photographic record showing the q movement much reduced The 
cxiienmcnt was arranged as shown m I ig 2 emploving contacts C and F onlv 
/ vvas killed w ith CHCfa before the record started to secure monophasic recording 
at C C was in contact with 0 001 m KCl Ihe cell had been kept in Solution \ 
for 1 ^ davs before use The vertical marks arc i seconds “ipart 'Icmpcraturc 
20 C This figure recalls some of the records obtained b\ C asstr with nerve 

would tend to mike Iht sfopt of the tur\e IIS'; thnn in the o 
movement 

1 ack of unifomiiiv m tlic various parts of the region recorded would alao 
(liminiah the rapidilv since the movement would not lie finishcvl until all of the 
region responded 
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The thud movement {q, Fig 1) This is presumably due to the con- 
tinued outward movement of K Avhich increases the concentration of 
K+ just outside A' This process would ordinarily be slow since K+ 
would be carried away by convection currents in the film of solution 
between the protoplasm and the cellulose wall as well as by diffusion 
through the cellulose wall (which is very rapid) ” The final level 
of concentration (which determines the height reached by the q move- 
ment) depends on how much K+ reaches the outside of A^ before the 
process of recovery begins so that it may be e'Apected to show con- 
siderable variation This is actually the case (Figs 1, 3 to 6) 

The fowth movement (;, Fig 1) This movement involves the 
return of the cell to the resting state in which the concentration of 
potassium m IF is small This can no doubt be brought about b}’’ 
those forces which in the resting state of the cell cause potassium to 
move from the external solution to the sap and accumulate there 
Such forces could move potassium from IF into the sap until the 
original resting state was achieved This may possibly be hastened 
by the ingoing electrical current which, according to the local circuit 
theory, occurs during recovery Recovery is, however, a relatively 
slow and Available process Normally it takes about 15 seconds but 
it may be shorter and it is sometimes greatly prolonged 

When recovery remains permanently incomplete the protoplasm is 
regarded as no longer in a normal state 

Some of the curves obtained ivith NiteJla resemble those gotten 
with nerA^e For example, curves like that in Fig 6 someAvhat re- 
semble those described by Gasser*- If such records Avere obtained 
AAith a single nerA'-e fibre it might raise the question Avhether there maj 
possibh" be tAAO surfaces, A" and F, m nerA^^e 

If this assumption AA^ere made it might explain the form of the action 
curA e and also the current of injury Avhich is otherwise hard to account 
tor If the ntrA e fibre consisted wholly of protoplasm, cuttmgit might 

** When 0 01 m KCI is subbtituted for 0 001 v the change of pd is nearh 
complete in S beconcls, showing that diffusion through the cell wall is Aer\ rapid 
If Obterhout W J \ f Gm Ptnstot 1929-30, 13, 71 S 

*- Gasser, H S Iw I PInswl , 1911, 97, 254, Cold Spring Harbor s\mposia 
on quantitame biolog\ , Cold Spring Harbor, Long Island Biological Association, 
193 5, 1, 138 
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automatically give nse to a fresh protoplasmic surface which would 
have the same electncal properties as the normal surface “ In that 
case there would be no current of injury But if any part of the core 
of the nerve fibre were non living and ran continuously lengthwise as 
in Niklla the current of injury could be explained in the same way 
as in Nttella, for in spite of the fact that the cut surfaces of the pro 
toplasm healed at once the aremt would pass only once through liv 
ing protoplasm 

The forms of the action current discussed in this paper (except Fig 
1) are relatively infrequent and constitute less than 5 per cent of the 
action curves observed by us 


s mmA Bv 

The action curve involves four movements each of which shows 
considerable vanation These variations can be accounted for on 
the assumption that the action curve is due to the movement of 
potassium ions accompanied by an mcrease in permeabihty 

“ This IS found expenmentallj in such cells as Amcha and is to be expected if 
the ordmarj surface is formed bj substances which migrate mto it because thev 
are surface active (Osterhout, W J V Ergebn Physiol 1933 36, 1020) 




THE LIGHT GROWTH RESPONSE AND THE GROWTH 
SYSTEM OF PHYCOMYCES 


By E S CASTLE jlnd A J M HONEYJfAN 

{From the Laboralary 0} General Physiology, Eanard University, Cambridge) 

(Accepted for publication, May 17, 1934) 

I 

The spore bearing cell of Phycomyces has a growing zone at its distal 
end which is sensitive to light An increase m illumination causes a 
temporary increase in rate of elongation of the cell, the so called light 
growth response Light has this effect only if it strikes the growing 
zone, and the response is produced at the same place This region of 
the cell therefore comprises the functions of a “single receptor” and 
“single effector ” The most valuable measure of the response to 
hght IS the reaction time,' which may occupy from 2 to 10 minutes, 
and IS almost entirely latency, since the time of exposure to light need 
only be a fraction of a second In multicellular plants the reaction 
times to hght are longer, due to the transmission of hormonal effects 
Nothing of this kind is known for the coenocytic cell of Phycomyces, 
yet the time elapsing between stimulation and response is a matter of 
minutes This latency is comparable to the lag which occurs in a 
typical animal photoreceptor between the photochemical effect and 
the discharge of impulses in the attached nerve, except that it is 
several thousand times longer In the present paper an attempt is 
made to interpret this exceptionally long latency in terms of the struc- 
ture of the cell of Phycomyces and its meebamsm of growth In- 
formation IS almost entirely lacking for cells of any type ns to what 
kind of events translate the light effect into the response 

n 

Data have been obtained with Phycomyces relating reaction time 
and duration of exposure to light for several different intensities 

' Defined as the time from the hegmning of stimulauon to the first perceptible 
acceleration of growth 
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LIGHT A1H> GROWTH IN PHYCOMYCES 


The conditions of the experiment were as shown in Fig 1 The data 
are given in Table I, the mean reaction times are plotted in Fig 2 
Inspection of the curves shows (1) that as the length of exposure to 
hght increases, the reaction time shortens to a minimal value deter- 
mmed by the intensity, (2) longer exposures do not further shorten 
the reaction time, (3) the range of exposures which is effective in 
shortemng the reaction time appears to be shorter the higher the 
mtensity of light 

The significance of these measurements is best seen if quantities of 
hght (mtensity X time) are plotted on the abscissa instead of ex- 



i 


anitiJaLing 
/ lamp 
Shutter 


Fig 1 Diagram of experimental conditions From a source not shown m the 
figure, the culture was contmuouslj’- lUummated from above throughout the 
experiment wuth 0 0017 foot-candles, except dunng the bnef stimulatmg exposure 
This served to orient the growth of the cells at all times Different exposures u ere 
obtamed with a cahbrated photographic shutter Intensities were measured 
photometncally at the level of the sporangiophore 


posure times (See Fig 3 ) The upper portions of all the curves are 
brought together, showing that (within a certain range) to produce a 
response after a particular reaction time a constant quantity of hght 
is needed, irrespective of its time and intensity components This 
relation is the famihar Roscoe-Bunsen law Of more interest is the 
fact that the data show the failure of this relation to hold when the 
time component m stimulation becomes large Thus in Fig 2 each 
curve falls toward a base hne determined by the intensity alone, and 
not by the energy of the flash of hght In Fig 3 the curves begin to 
separate at an energy of less than 10 foot-candle seconds Some- 
thing limits the effective duration of the exposure to light That this 
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IS not simply due to the using up of all of the photosensitive matenal 
IS shown by the fact that the curves for the different intensities reach 
different base Imes Evidently secondary processes follow the photo 
chemical reaction, and get under way with velocities detemuned by 
the light intensity 

Famihes of curves similar to those of Fig 2 were obtained by Hecht 
(1918) for the latent period of the light response of the clam Mya, and 
by Adrian and Matthews (1927) for the retinal latent period of the 
eel’s eye The data of Hartline (1928) on the magnitude of the 
electric response of the grasshopper’s eye yield comparable curves in 
which for each intensity the potential which is developed rises with 
increasing exposure toward a hmitmg value determined by the in 
tensity of the light In all these cases and in the present one, hght 
acts on a photochemical system which is coupled to secondary proc- 
esses leading to specifically different responses The dependence of 
the reaction time of Phycomyccs on intensity shows that light does not 
promptly pull a trigger Not only is the ultimate gronth response 
graded, but the time taken to bring it about is determined by the 
stimulating intensity 


rn 

The response of Phycomyccs to light is remarkable in that after ex- 
posure to even very intense illumination there is a latency of at least 
2 minutes before any change in rate of growth is observed When 
the acceleration does occur, the growth curve nses sharply (See 
Fig 4 ) What goes on during this long latent penod? 

Light accelerates the growth of Phycomyccs but at this stage of 
development is not necessary for it Over a sufficient period of time, 
the total elongation is independent of the presence of light or the oc 
currence of light growth responses The plots in Fig 4 shon that 
after a temporary acceleration mduced by a flash of light, the course 
of growth gradually returns to where it would have been had there 
been no flash of light Exactly the same holds for the dark grow th 
response on darkening there is a temporary decrease in grow th rate 
which IS completely compensated for when the light is turned on again 
Light must act therefore by facilitating changes already under way. 
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TABLE r 


Reaction Tunes with Different Intensities and Durations of Exposure to Light 


Intensity 

1 

Exposure 

Intensity X 
exposure 

Reaction times 

A\era5e T 

foot candles 

sec 

fool-candle sec 



89 3 

1 

6 0 

536 0 

3 25, 2 75, 3 50, 3 25, 3 25 

3 50, 3 50, 3 75, 3 50, 3 25 

3 35 


2 0 

179 0 

3 50, 3 25, 3 25, 3 00, 4 25 

3 75, 3 00, 3 00, 3 50, 3 25 

3 38 

i 

0 60 

53 6 

3 75, 3 75, 3 75, 3 75, 3 00 
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TABLE I — Concluded 
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rather than by contributing essential materials* The accelerator 
which It produces is to be contrasted with auxin, without which growth 
of Aveita coleoptiles cannot occur (Went, 1928) 

Oort s (1932) measurements were not contmued quite long enough to show that 
no significant increment in length is added bj the response to a flash of light This 
statement does not refer to effects of light or darkness mamtained for long penods 
of time Thus the sporangiophore of Phycomyces reaches a final length which is 
greater the lower the intensity of light in which it is grown This effect bears no 
dose relation to the growth response induced by sudden eicposure to light 


* This idea has not been tested in prolonged absence of light because of the 
difficult} of securing onented measurablegrowth under these arcumslanccs If 
It could be shown that the action of light rcall\ produced a material essential for 
growth it would still be true tluit o\ cr an enormous range of intensities liglit is not 
a limiting factor 
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The latent period might be taken up by one of the foUowmg events 

1 A remote step m the growth process is accelerated, the latency 
is the time for this acceleration to pass down the sequence of growth 
processes to the final stage, the extension of the cell wall 

2 The cell protoplasm is stimulated to faster secretion of wall 
substance 



Fig 2 Jlean reaction tunes rath different intensities and durations of exposure 
to light- 

3 A product of the action of hght in the protoplasm diffuses or is 
transported to the cell waU 

The first possibiht3’^ is rendered improbable for the follovwng reasons 
hght does not act on a spatially remote stage of the growth process, 
smce Blaauw (191S) has shown that the zones of growth and of sen- 
sitivity to light coincide, and extend less than 2 mm below the distal, 
spore-bearing end of the cell If an average diameter of the cell is 
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0 09 nun , the whole system is localized in a volume not greater than 
2jrr = 0 013 mm • The driving force behind the light growth re 
sponse IS probably not thus localized, since if this force is turgor, all 
elastic strained parts of the coenocyte should contribute to the magni- 
tude of the response Furthermore, if hght accelerated some early 
stage of the growth process localized within the growing zone we would 



Fig 3 Mean reaction times to the different intensities plotted agamst the 
quantity of light (mtensity X time) 

eicpect fast growing cells to show shorter reaction times than slow 
growing ones, since the time required to propagate the effect through a 
chain of growth processes should be some inverse function of the rates 
of the processes Fig S shows measurements of reaction times of 
cells growing at different rates under identical conditions of light, 
temperature, and sensibvity There is no correlation of reaction 
time with rate of groivth This is evidence against the idea that the 
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Fig 4 A,jB, and C, t 3 '-pical light growth responses to 3 seconds intense stimula- 
tion (“On”) from tuo sides Note that within an hour the growth curve lias 
approximately returned to where it would have been had there been no flash of 
light In A there is a shght gam, in B and C none Slight discrepancies in cither 
direction may be expected with hnear extrapolation of growth for such periods 
I?, response to darkenmg durmg period “Off” to “On ” Note that the temporary 
loss in growth is completel}' regained when the light is turned on again The 
ordinate and abscissa scales for £> arc twice those for the other curves 
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lag IS due to the action of light on some antecedent stage of the growth 
process 

The second possibihty offers no separate eicplanation of the lag 
unless some meamng can be attached to the term “stimulation ” 
Long latencies do not necessanly accompany stimulation by hght, 
thus the latency in animal photoreceptors is usually less than 0 1 
second While a slow “clock reaction,” for instance of the tj'pe de- 
scribed by Forbes, EstiU, and Walker (1922), might conceivably 
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Fig 5 Individual reaction times o! cells groTong at diCerenl rates The 
groupmg mto definite ordmate classes is due to the estimation of the reaction time 
onl> to 1/4 imnute mtervals The data plotted here and in Fig 6 were obtained 
at 26®C as a result of 3 seconds very intense stimulation of the cells from two sides 
Fig 6 Individual reaction times as a function of cell diameter Same cells as 
those m Fig S 


occupy the latent period, we prefer to seek a more tangible inter 
pretation The relatively large size of the Phycomyccs cell and par- 
ticularly the relation to be described later between cell radius and 
reaction time suggest that radial translocation of the hght eflfect is 
involved 

In the third possibility the lag is due to time taken by some photo 
lyte (or its derivative) in reaching the cell wall in sufficient amount 
There is no evidence permitting a final choice between the ideas (1) 
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that the ultimate action of light is on the physical properties of the 
cell wall, or (2) that the peripheral protoplasm is eventually stimu- 
lated to faster deposition of wall substance The first alternative 
seems more probable, however, in view of the following the cell is a 
closed, mcompressible system which is increasing in volume at a rate 
determined by processes taking place in the mycelium These are 
iminfluenced by local illumination of the growing zone, several centi- 
meters away If, therefore, the ceU suddenly gains in length it must 
be at the expense of a loss somewhere in diameter In this sense the 
hght growth response is a change in the shape of the cell rather than 
in its rate of volume increase Such a change in shape is not a part 
of ordmary growth, and suggests a umdirectional change in the 
ductihty of a wall substance, directly acted on by turgor 

Consideration of the phototropic bending of the ceU of Phycomyces 
has moreover suggested that absorption of hght may take place 
throughout the cell, although the effect on growth is mamfested at 
the wall^ (Castle, 1933) If during the latent period a sufficient 
quantity of some substance produced by hght m the protoplasm of 
the cell had to be transported centrifugally to the wall, the radius of 
the cell might partly determine the latency Measurements of in- 
dividual reaction times of ceUs of different radii show that the larger 
cells have defimtely longer reaction times (See Fig 6 ) If all cells 
were uniformly filled with equal concentrations of hght-sensitive sub- 
stance, and if the response were set off by the accumulation of a 
defimte amount of some photolyte per umt area of wall, the larger 
cells would have shorter reaction times, since in these cells the neces- 
sary amount of photolyte would be produced nearer the waU The 
situation is evidently not as simple as this There are at present no 
grounds for making other assumptions designed to fit the radius- 
reaction time data 

Transmission of the hght effect to the waU might take place by 
simple diffusion, by diffusion aided by protoplasmic streaming, or by 
some other conducting mechamsm in the protoplasm If reciprocals 

® WitJiin the growing zone there is often no recognizable separation of the cell 
contents into protoplasm and sap vacuole The lumen of the cell is filled with a 
granular, fluid mass m which no onented protoplasmic streaming is evident (c/ 
Oort and Roelofsen, 1932) Sometimes a small central vacuole occupies 1/10 to 
1/5 of the cell diameter 
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of reaction times arc taken as approximate measures of the rates of 
the latent penod process, the temperature coefficient for the interval 
2S°/15° IS 1 7 But It cannot be concluded that this value is too 
high for diffusion since there is no assurance that the threshold of the 
growth process upon which the photolyte acts is unaffected by tem- 
perature change Turthermore, high values of temperature co 
efficient are often found for processes m which diffusion certainly is 
involved, as m the penetration of water into cells {(f McCutcheon and 
Luck5, 1932) Whether protoplasmic streaming, w hich is conspicuous 
except at the growing zone of the cell, is significant for growth is not 
known 

The question as to the mechamsm of transport of the light effect 
within the cell must be left open That centnfugal transport actually 
takes place seems inescapable (1) because the actual process of elonga 
tion occurs at the wall, and (2) because the latency is independent of 
all measured attributes of the cell except the radius It is note 
worthy that light is a stimulating agent that acts intracellularly A 
typical animal photoreceptor cell contains a pigment within it which 
absorbs hght, then somewhat later a nerve impulse is set off The 
cell of Phycomyccs is a good parallel on a larger scale and with a cone 
spondmgly longer latent period In both cases the observed result of 
stimulation is an effect produced at the cell surface a nerve impulse 
or an extension of the ceff waif Even sCrncCures as spccrffcaily dif 
ferent as those which arc being compared may have an important 
step in common following the absorption of light m the transmission 
of excitation to the cell surface 


IV 


The relation between the light and growth systems m Phycomyccs 
can be diagrammed as follows 

Light sensitive „ 

substance ' , 

doll I 

I 

1 

transport 

i 

A B —► C growth 
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Above IS shown the hght system, with P the product of the action of 
light on a light-sensitive substance P is produced in the hght and 
removed in darkness, and the direction of this change determmes 
whether a hght growth or dark growth response follows (cf Castle, 
1932) P therefore exerts a continuous influence on growth even 
though It IS not a hmiting factor The light system is represented as 
reversible, which implies that P is not used up in growth The arrow 
labelled “transport” represents the direction of movement of P when 
light acts on the system When a steady state is reached there is 
presumed to be no concentration gradient of P 

The growth system is represented below as a series of irreversible 
processes, one of which is facilitated by the presence of P (or a deriva- 
tive of It) The latency m the response to light is due to the time 
needed for the transport of a sufficient quantity of P from its place 
of origin to the growth system, presumably to the cell wall or outer- 
most layer of protoplasm 

The light and growth systems are independent, in the sense that 
although a flash of light temporarily accelerates elongation, over a 
period of 1 to 2 hours any extra increment in length is lost, and the 
length of the cell becomes what it would have been had there been no 
flash of light Temporary darkening conversely does not result in a 
loss of growth over such a period of time 

The facts of hght and dark adaptation (Tollenaar and Blaauw, 
1921, Castle, 1929) can be described in terms of the light system alone, 
as referable to changes in the concentration of light-sensitive substance 
present As judged by changes in the reaction time during dark 
adaptation, this process is practically complete within 40 minutes 

Oort (1932) used the magmtude of the positive phase of the hght 
grow th response as a measure of sensitivity, and found that more than 
2 hours must elapse after exposure to light before a second hght re- 
sponse of full size was obtained His data show, however, that mini- 
mal reaction times were obtained after about 40 minutes of dark 
adaptation Therefore the light system must be restored after 
40 minutes, and the extra U hours needed for further recovery 
represents the time necessary for the growth system proper to build 
itself up to equilibrium Although it is important to know what 
determines the size of the light growth response, use of its magnitude 
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as a criterion of sensitivity conceals the important fact that after a 
flash of light the light system reaches eqmhhnum in about one third 
the time reqmred by the growth system 

STOOIARY 

1 The Roscoe Bimsen law holds for the light growth response of 
Phycomyces if the time component of stimulation is short With ex 
posures longer than a few seconds, the reaction time to light is deter- 
mmed by the mtensity and not by the energy of the flash 

2 The possible nature of the very long latency in the response to 
light is considered m terms of the structure of the cell and its mech 
anism of growth It is suggested that during the latency some sub 
stance produced by light m the protoplasm is transported centrifugally 
to the cell wall or outermost layer of protoplasm 

3 The total elongation occurring over a period of 1 to 2 hours is 
independent of flashes of hght or temporary darkemng Light acts 
by facihtating some change already under way in the growth system, 
and during the principal phase of elongation is not a necessary or 
limiting factor for growth 

4 Judged by the reaction time, the original sensitivity is restored 
m the hght system following exposure to hght m about one third the 
time required for eqmhhnum to be reattaincd in the growth system 
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I 

General diathermy (hyperpyrexia) treatments have been given bj 
one of us (Perkins, 1931) to patients at the Worcester State Hospital 
suffering from dementia paralytica The treatment consists of in- 
sulatmg the recumbent patient with wrappings and passing high 
frequency alternating currents through his body In the course of 
2 or 3 hours the patient’s temperature may be elevated to 106 ± °r 
After turning off the current, several hours are usually required for 
the temperature to return to normal Chnical records of pulse and 
respiration have been kept on some 70 subjects Each subject re- 
ceived approximately ten treatments The observations of pulse and 
respiration as a function of temperature were taken every 10 or 15 
mmutes throughout the course of a typical 4 hour treatment 
Tig 1 IS a modified reproduction of a typical chnical chart showing 
the course of pulse frequency and respiration as a function of the 
rectal body temperature measured with a calibrated resistance ther 
mometer Three experiments with the same patient, performed on 
different days, are shown m this figure The scale of respiratory fre 
quenaes is small and the preasion of reading is rather low The 
pulse frequency scale is larger and the data are more reliable than are 
those for respiration The records of respiration, pulse, and tem- 
perature, in general, are fairly symmetneal for rising and falling 
temperatures In Arrhenius equation plots, to be discussed presentlj , 
no consistent differences were found for the rising and falling values 
The black rectangles of Fig 1 indicate the duration of application of 
the current which elevates the patient’s temperature 
Fig 2 IS a composite plot of data obtained from ten treatments of 
399 
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Time Oioups) 

Fig 1 Modified reproduction of a tj^ical clinical data sheet showing three 
expenments on one individual, each of about 5 hours duration Pulse and 
respiratory frequencies are recorded as a function of the internal body tempera- 
ture The solid rectangles mdicate the duration of the passage of the altematmg 
current used to elevate the body temperature 


the same patient administered on different days 
plotted according to the Arrhenius equation 



The data are 


where h and h are the respective pulse frequencies at temperatures 
Ti and Tz and ju is the temperature characteristic The variation of 
distribution of points of Fig 1 is large, but if it be assumed that the 
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Arrhenius equation holds and a straight line be drawTi through the 
points, a value of = about 29,000 calones is obtained 

As in investigations of the effect of temperature on phj siological 
processes m poilulothermic animals, variation of the data is found 
to be less for single experiments than for averages of many axpen 
ments This is due m part to fluctuations in the position of the 
curve as determmed by its mtercept on the ordinate axis, quite aside 



Fio 2 Arrhenius equation plot of heart beat frequency (pulse) as a funcUon 
of temperature, jnelding a temperature characteristic of 29 000 calones 164 
observations from ten experiments on one mdividual arc plotted The value of pi 
IS the anthmetic mean ohtamed b> determining the temperature characteristics 
of each of the ten experiments separate!} 


from fluctuations in tlie slope of the line, which determines the mag 
nitude of 

The temperature characteristic of 29,000 calories was obtained by 
plotting the data of each of the ten experiments separately, and 
averaging the value of for each experiment As may be seen m 
Figs 3 and 5 the scatter of data for one expenment is not excessiv e 
Fig 3 shows the results of two experiments on two individuals m 
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which pulse VS temperature is plotted according to the Arrhenius 
equation The ordinate scale does not correspond to the absolute 
frequencies The slopes of the lines arc seen to be the same (/i = 
29,500) 



Fig 3 Typical Arrhenius equation plots for two experiments on different 
individuals 

The considerable spread of data in Fig 2 m a large measure results 
from the fact that, despite considerable constancy in the value of m 
( cf Table I), dilTcrcnccs m pulse rate were found to occur in the same 
individual on difTcrcnt days, thus resulting in somewhat different 
intercepts of the line with the ordinate axis from day to day Von 
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Korosy, ated by Loeb (1916), found variations among restmg in- 
dividuals in pulse frequency of from 42 to lOS beats per min ute The 
constancy of n values illustrated m Table I is, therefore, espeaally 
mterestmg, suggestmg a high degree of chemical specifiaty in the 
pace making reaction despite differences m the absolute heart rates 
of mdividuals, and to a lesser degree m day-to-day fluctuations of 
the pulse for the same mdividual 


TABLE I 

Temperature Charactcrtsltcs for Human Hearts 


Patient 

ho of observations 

ETpcnmental day 

>1 

A 

124 

5 day mean 

28 100 

B 

202 

10 day mean 

30 300 


18 

2nd day 

29,500 


18 

6th day 

29,300 

C 

183 

10 day mean 

29 900 


18 

3rd day 

30 000 


18 

4th day 

28 800 


18 

10th day 

30 400 

D 

223 

10 day mean 

29 900 

^ 1 

164 

10 day mean | 

29 CW 

Mean 

29 400 


Table I shows temperature characteristics obtained from live 
patients selected at random from the group of seventy The mean 
p for 45 experiments mvolvmg 896 observations is 29,400 calories 
The value of the temperature charactenstic agrees well with one 
of the smaller modal groups (ji = 29,000) obtained by Crosier (1925- 
26) from the analysis of many determinations of this constant for 
different physiological processes m poikilothermic organisms 

Fig 4 shows the data of one typical experiment relating frequency 
of respiratory movements to temperature The value of /i from six 
teen observations is roughly 41,000 calones The respiratory data 
show , m general, a greater scatter than docs the heart frequency data, 
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and the data are less rehable The values of fi obtained for respiratory 
movements are also much more variable, as is indicated by comparing 
Tables I and II 



Fig 4 Arrhenius equation plot of respiratory movements as a func- 

tion of temperature, 5 aeldmg a temperature characteristic of 41,000 calones 

TABLE H 


Temperature CharaciensHcs for Frequencies of Respiratory Movements of Five 

Patients Selected at Random 


Patient 

Xo of observations 


B 

17 


F 

17 

34,700 

G 

16 

[ 41,200 

H 

22 

38,400 

I 

88 

1 

43,800 


From Fig 4 and Table II it is clear that not much may be said 
concenung the value of p for respiratory movements, other than that 
it is consistently greater than that for the heart rate Values of /x of 
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the order of 40,000 calones are seldom encountered m poikjlothcrrmc 
organisms Dunng a treatment a patient may lose as much as 5 to 
6 pounds of water through the skm and respiratory passages The 
lack of precision of the respiratory data makes it impossible to be 
certam that the Arrhenius equation fits, although no systematic 
failure of the equation was detectable The marked accelerations 
of respiration with increasing temperatures are probably the resultant 
of the control of the respiratory center bj homeostatic neurological 
mechamsms involved in temperature regulation by elimination of 
water This effect probably masks the normal pace making mech 
amsm of the respuratory center It is, therefore, doubtful if the value 
of ju = 40,000 ± calorics is at all comparable to values of temperature 
characteristics obtained from respiratory movements of poikilother- 
mic animals 


n 

Recent studies of electrical potentials from the central nervous 
system have indicated that units in the central nervous sy stem may 
be spontaneously active dischargmg impulses over efferent fibers at 
frequencies directly proportional to the rates of chemical changes 
going on in the centers Spontaneous fluctuations of potentials ha\ e 
been recorded by Adrian and Buytendijk (1931) from the isolated 
brain stem of the goldfish at frequencies correspondmg to normal 
opercular breathing rhythms Similar spontaneous discharges from 
the respiratory center have been found from isolated ganglia of the 
beetle, Dylisats margtnalis (Adrian, 1931) Spontaneous activity m 
the central nervous system, not maolving the respiratory center, has 
been recorded by other workers (Fischer, 1932, Bishop and Bartley, 
1933 a, 19335, Bartley, 1933, Gerard, Marshall, and Saul, 1934, Prosser, 
1934) 

Investigations of the effect of temperature on the frequency of 
rhythms of activity of central nervous origin in poikilothermic 
ammals have been made by Crozicr and others (ff especially Crozier, 
1924-25) Such diverse phenomena as tlie frequency of chirping of 
crickets, the frequency of flashing of fireflies, the speed of creeping of 
insects, follow the Arrhenius equation and yield specific temperature 
characteristics These studies have antedated observations of spon 
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taneous central nervous activity obtained by the electrical recording 
methods and are consistent with the notion of continuous chenucal 
mechamsms in the central nervous system releasmg motor discharges 
at frequenaes directly proportional to the veloaties of the mech- 
amsms It is interestmg that Crozier and Stier (1924-25), for e'c- 
ample, found a critical mcrement of /z = 16,500 calories for the fre- 
quency of opercular breathmg of goldfish before Adrian and 
Buytendijk recorded the spontaneous electrical effect from the brain 
stem 

These matters, together with the findmg that the “spontaneous” 
frequency of the repetitive discharge of nerve impulses from the 
peripherally unstimulated neuromasts of fish obeys the Arrhenius 
equation, led one of us (Hoagland, 1933) to consider that the estima- 
tion of durations of time by man might depend upon the rate of con- 
tmuous underlymg chemical events in the nervous system If this 
were true, the frequency of counting seconds should follow the Arrhen- 
ius equation and might yield a significant critical mcrement Naive 
subjects whose body temperature was altered by diathermy, as well 
as those whose temperature varied as a result of fever, were asked to 
count to 60 at a rate of what they beheved to be 1 per second The 
counting was found to be faster the higher the temperature, in ac- 
cordance with the Arrhenius equation, yielding a ^ of 24,000 calories 
The fact that the value of /z coincides with one of the modal peaks 
found for temperature characteristics of poikiiothermic animals 
(Crozier, 1925-26) suggests that the pace-making reaction, upon which 
judgments of duration are based, may be of the nature of an ir- 
reversible chemical reaction and may be catalyzed in a specific way 
correspondmg to /z = 24,000 calories — a value which has been found 
associated with certain cellular oxidation processes 

The lower curve of Fig 5 shows a plot of the effect of temperature 
on judgments of duration for six subjects (cf Hoagland, 1933) On 
the same figure are typical plots showmg the effect of temperature on 
the pulse frequency for two other subjects The plot was made by 
elimmatmg absolute differences in the speed of counting, by tele- 
scopmg the ordinates so as to bnng the data for the estimation of 
duration for all of the subjects together on the graph, thus showing 
the umformity of the slope of the Ime which determines the value of n 
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A similar procedure was used for eliimnating absolute differences in 
heart rates of the two patients at the same temperatures 
The values of /i for the pulse and for the speed of counting are 
distmctly different Whatever may be the chemical pace maker 
mechanism for judgments of short durations, it is clearly not the 



Fig 5 Arrhenius equation plots of pulse data from two patients (upper curt e) 
and for the effect of temperature on estimations of duration (lower curve), sir 
subjects 

The posiuons of the sets of data with respect to the ordinate avis are arbitrarj 
The curves are arranged to show the differences in the slopes of the lines for the 
two functions 

same as the chemical determmant for the heart beat The suggestion, 
often made, that the pulse may serve as a sort of master clock deter 
mining one’s sense of duration is evidently not tenable 

SUMMARY 

The value of /a = 29,400 has been found for the human heart beat 
over the temperature range of approximately 4 7°C This value is 
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different from that of 24,000 calories which has been obtained for the 
effect of temperature on judgments of short durations 
The evidence indicates that the estimation of short tune intervals 
is controlled by a chemical master reaction which is independent of 
the pulse rhythm 
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PROTOPLASMIC POTENTIALS IN HALICYSTIS 
IV Vacuolak Perfusion with Artificiai, Sap and Sea Water 
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(Accepted for publication, Mav 26 1934) 

Bioelectnc and vanous other effects are usually studied under the 
influence of changes m the solutions applied to the outside of living 
cells It IS needless to emphasize the interest of similar alterations in 
internal solutions, but the difficulty of producing these has limited 
their expenmental use A few such changes have been made by in 
jection into vacuoles, both in large cells such as Valonta,' ® and in 
vanous small cells by microtechnique’ But simple injection has 
several disadvantages Because of the limited extensibility of the 
cell wall, or because of other reasons, it is often possible to mject only 
small amounts of solution, sometimes only after previous extraction 
of some sap' or by allowing some to escape around the point of m 
jection,’ both of which are undesirable for bioelectnc studies Not 
only IS It difficult to determine the initial concentration of the injected 
substance m the sap, but this may soon change by diffusing away, 
reacting with cell constituents, or by preapitation Values of pH or 
of oxidation reduction potential expenmcntally produced by injection 
are parhcularly liable to such alteration through the metabolic ac 
tivities of the cell It is also usually impossible to remove a given 
substance from the sap (save by some precipitation reaction) or to 

' Blinks L R,J Gen Physiol , 1928-29 12, 20? 

* Jacques A G and Osterhout W J V J Gen Physiol 1928-29, 12, 209 

’ Chambers, R in Con dry E V General c>tolog> Chicago Univcrsit> of 
Chicago Press 1924, 235 Chambers R , and Reanikoff P J Gen Physiol , 
1925-29,8,369 Chambers R in Cold Spnng Harbor s>mposia on quantltauie 
biolog> , Cold Sprmg Harbor Long Island Biological Association 1933 1, 205 
Cohen B m Cold Spnng Harbor s>-mposia on quantitatiic biologj, Cold Spring 

Harbor Long Island Biological Assoaation 1933, 1, 214 
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produce very much dilution of the sap as a whole Finally, only one 
injection can usually be made in a given cell, so that it is impossible 
to investigate a scries of effects, or to return later to normal con- 
ditions to test the state of the cell 

It IS thercfoie not surprising that most of the injections have been 
small amounts of various indicators,’ designed to show existing con- 
ditions m the sap rather than to alter it, or small amounts of toxic 
materials (c g , manganese^) or very active salts (such as calcium and 
magnesium’), to compare internal and external effects 

It is obvious that if a second, escape, tube could be inserted as well 
as the injection tube, and both kept in place without injury, many 
more changes could be accomplished By a continuous flow the 
natural sap could eventually be replaced with new solutions, con- 
taining either deficiencies or additions of any given constituent, in 
known concentration, and constantly renewed to reduce metabolic 
changes Various treatments could be applied m succession, and 
natural or artificial sap restored at any time to test reversibility and 
recovery 

Such a perfusion method has been applied with success to the large 
multmucleate cells of Baheyshs, and is described in the present paper 
While developed primarily to duplicate the pH effects produced by 
the penetration of ammonia, as described m Paper IIP of this series, 
the substitution of various solutions such as artificial sap and sea 
water for natural sap in the vacuole, has further emphasized the 
essentially independent, inherent nature, of the protoplasmic potential 
in Baheyshs, and is here presented from that point of view Other 
uses will be evident 

Method 

IJic method IS a modification of an unpublished one developed by Mr L 13 
Damon, to provide for flow of sap through the vacuoles of Valoma cells, with 
simultaneous electrical contact through one or both of the perfusion tubes In 
Damon’s device, t\\o glass capillaries were inserted either at separate points on 
the cell, or concentrically, a smaller inside a larger While the Valoma cells 
lived fairly well vhen so impaled, considerable difllculty was met in their per- 
fusion, o^\lng to the presence in the sap of small masses of transparent jell} , which 
clogged the c\it tube and uere ver\ diflicult to remove 


* Blinks, L R , / Gat Physiol , 1933-34, 17, 109 
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Fortunately the cell sap of Baltcystts does not contain such jellj , the remains of 
the motile gametes sometimes present being small enough to pass rcadil> through 
the capillaries, or to be removed by re\etsing the flow, or t^eanmg the capfllanes 
with fine wires On the other hand owing to the different mechamcal properties 
of the Ualxcystis cell wall, it was found practicall> impossible to insert either the 
tno separate or the large concentnc capUlancs of Damon’s sdieme, without 

Cgoss seettons 



Fig 1 A apparatus for perfusmg cells of HaUcystis (mddental clamps and 
supports are omitted) B cross sections of double tubes and capillaries C 
tips of capillaries opening at angles to each other or at different levels, with 
circulation of fluids m the vacuole (as shown by added d>es) 

collapse of the cell Fused parallel capUlanes were therefore substituted, making 
only one puncture suff:aentl> small to prevent collapse 

Two ordinary glass tubes were first crapIo>cd fused at their tips or along part 
of their length But the median ynW remained of double thickness and was difli 
cult to fuse and anneal making for cparation or cracking Special double lubmg 
was then constructed of the cross^ction shown m Fig 1, B This is made b> 
opening out one tube longitudinally and fusmg its edges to another lube flat 
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tened along one side It was convenient to have the latter project somewhat, in 
order to attach rubber tubing leadmg to a reservoir The capillaries were easily 
dra'wn on the double tube, the median wall remainmg mtact, and separatmg the 
flow channels to the very tip B}'- pulhng out the tips several times m a very fine 
flame it was possible to make the waUs ver}”^ thm while the orifices remamed large 
enough to admit a fine wire for cleanmg The total outside diameter was usually 
not over 1 mm 

The tips were cut or broken off under a magmfymg glass so that the orifices 
occurred at slightl}'’ different levels, or at angles to each other, this made for more 
effiaent stirrmg m the vacuole, and less immediate mixmg of the entermg and 
leaving streams Examples of the tips are showm in Fig 1, C 

The cells were firml} supported from below' on glass rmgs, the capillaries being 
inserted from above bv shdmg dowm through the paraffined cork This arrange- 
ment made a compact, rigid umt, which could be kept m a wide mouthed bottle 
untd needed, and transferred to the measurmg apparatus with a mmimum of 
shakmg or torsion of the protoplasmic seal around the capiUarv 

The capillaries (usuall}' sterilized before usmg) were inserted empty, whereupon 
enough sap gushed from the impaled cells to fill the tubes for a few millimeters 
abo\ e the tips This sap mamtamed a shght head while the wound was heahng, 
the cells bemg kept for this tune xerj' quietly just below the surface of sea water m 
bottles Reco\ erj' often occurred m 30 to 60 mmutes, but better results were 
obtained if the cells were left overnight before perfusmg The sap usually rose 
somewhat higher m the tubes dunng this tune, m a manner correspondmg to the 
recoien of turgiditj after puncture, as previouslj descnbed 

The p D across the protoplasm reached durmg this time the high positive values 
characteristic of the speaes,^ i c , about 68 mv m H OslcrhouUi, and about 80 mv 
in H avails I^Tien appreciably lower values persisted, an imperfect seal was 
usualh e\ndent around the capillary , hftmg the cells part way out of the sea water 
then caused most of the normal p n to appear ® This procedure was also useful 
when It was suspected that perfusion was madequate in the upper part of the 
xncuole The capaaty of relatively small uninjured areas of Hahcyshs protoplasm 
to gn e large p o 's e\ en when short circuited by fairly large mjured areas, is quite 
remarkable, though in keeping with the producUon of appreciable currents for 
long penods 


® Blinks, L R , / Gen Physiol , 1932-33, 16, 147 

'In this respect these cells agreed with the freshly impaled ones of Valonia 
( 05 terhout,\V J V, Damon, E B , and Jacques, A G,/ Gen Physiol ,1911-2%, 
11, 193) which showed low pd 's when completeh immersed, but nearly normal 
ones when only the lower tip was immersed in sea water The situation also 
recalls that imoUmg a new solution on the surface of Valonia, where the wilues 
are too low if onl^ the tip touches the new soluUon, the rest being still imbibed 
with sea water (Damon, E B , / Gen Physiol , 1929-30, 13, 207) 
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Electrical connection to calomel electrodes was made by agar bridges as shown 
in Fig 1, A These were made up with artificial sap or with sea water, to a\ oid 
contammaUon of the perfusmg fluids by KCl (although this is shown later to have 
little or no effect) The KCI junction was made at their farther ends Potential 
measurement was by compensation, with a galvanometer as null instrument 
Small current drams during balance had no effect on the p n , which stays up even 
under 5 to 10 microamperes flow, produced when the cells are short circuited 
through the galvanometer and the resistance of the capillaries (usually 10 000 to 
20 000 ohms) The pj) has the sign of the outside solution » c , is positive when 
the positive current tends to flow outward across the protoplasm 

Perfusion was readily accomplished by raising the level of fluid m one of the 
tubes (usually the longer one) As the fluid emerged m the exit tube it was re 
moved contmuall> by slight suction through a dram tube (not shown m Fig 1), or 
from time to time with a tong narrow pipette Similarly the fluid in the entrance 
tube was renewed either from a reservoir, or when only small amounts were avTiil 
able (as with natural sap) it was recirculated by frequent pipetting from the exit 
tube The speed of perfusion depends of course upon the hydrostatic pressure 
and the diameter and length of the capiUanes For espeoallj fmc ones it w-as 
necessary to attach a thistle tube to the entrance tube for greater head but this 
was usually unnecessary larger capillaries bemg less lilely to clog or to emit a 
rapid stream (which might wash away the protoplasm opposite the opening) 

8 or 10 cm head was usually sufficient to produce a good steady flow, eg 1 cc m 
5 minutes and smee the volume of tlie cells was seldom over 0 5 to 10 cc., this 
gave fairly rapid replacement of the vacuolar fluids 

The extent of replacement and effiacncy of stimng m the vacuole, were of 
course highly important, they could be determined by adding a tracer to the 
entering solution (eg a small quantity of dve such as methylene blue orcresyl 
blue) The depth of color m the entrance and exit tubes could then be directly 
compared as m a colorimeter separated only by' the median wall, the stimng in 
the vacuole could also be seen directly through the green protoplasm Typical 
perfusion streams are shown m Fig 1 Slurring and mixing were of course better, 
the faster the entering stream but this could not be pushed loo high from danger 
of injuring the protoplasm Small masses of gametes left m the vacuole from 
previous reproductive periods were also good indicators of stirring and were often 
seen to be m violent motion to be eventually broken up and lost through the exit 
tube Stratification of the tracer dye was sometuncs evident when perfusion v'ns 
very slow showing the new solution to fill only the lower half, or even a band In 
the middle, of the cell Such stratification depends of course upon the specific 
gravities involved and was more frequent when solutions more dense than the 
sap were perfused It was thus more troublesome in U Osterhoulix, with sap of 
low density^ (causing the cells to float) than in n mahi wiUi sap about as dense 


nUnks, L R and Jacques AG,/ Gm Phyixol 1929-30 13, 733 
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as sea water, ® and was of course worst when glucose, sucrose, or other “mdifferent” 
substances were added to increase osmotic pressure In these cases, most of the 
vacuole above the level of the entermg orifice remamed uncolored by the tracer, 
or became colored only very slowly This unstirred region could be reduced by 
msertmg the capillaries only a short distance mto the vacuole, by gently tippmg 
and revolving the cells about 45° from the vertical, or by msertmg the capillaries 
from below, so that a rismg entrance stream would aid the mixmg 

When densities were adjusted, good mvang was usually evident throughout the 
vacuole m about 5 mmutes, espeaally around the vacuolar surface of the proto- 
plasm, (eddies or dead spaces tending to be toward the center, as diagrammed m 
Fig 1, C) This hastens the protoplasmic effects, although there probably remams 
a very thin unstirred layer immediately next to the protoplasm, across which 
diffusion still remains the governmg factor That this is fairly thm, and diffusion 
rapid, IS shown by the speed of certam effects, such as those foUowmg pH changes, 
or defiaencies of essential salts such as potassium and calaum, mentioned below 
Theoretically of course, perfect mixmg through the entire vacuole, and complete 
substitution of new solutions for the cell sap, would take an infinite time, prac- 
tically, however, the solution m the exit tubes soon becomes identical (by color of 
dye, etc ) with the entermg solution, and the bioelectric effects occur, if at all, m 
5 or 10 mmutes with a reasonable speed of perfusion 

The speed and characteristics of circulation havmg been established m typical 
dead and livmg cells, it was not necessary to add tracer dyes for most experiments, 
their presence, however, had no perceptible effect, and they were used when any 
question of adequate sturrmg arose Other methods of testing the effiaency of 
perfusion were (1) addmg an mdicator either to the entermg stream, or to the 
exit tube only, and comparmg the pH of entermg and leavmg streams, (2) testmg 
samples of the outflow for substances ongmally present in the sap but absent 
from the entermg stream (c g , ammonia m E Osterhonlit) , (3) raismg and lowering 
the cells to different levels m the sea water, makmg evident the mfluence of un- 
stirred regions upon the p d 

The experiments have been performed at the room temperature of the lab- 
oratorj', with yearly range from 15-25°C , and m ordmary north light Very 
small fluctuations of either fight or temperature occurred in a given experiment, 
and their effects were usually negligible The effects of large variations of fight 
and temperature will be discussed m other papers 

E OsterJwutit was studied in Bermuda, E avabs in California 

Results of Perfusion 
Natural Sap 

It was of considerable interest to know whether the mere process of 
perfusion, wnth a flow of solutions on protoplasmic and capillary 
surfaces, changes of hydrostatic pressure, etc , had any mfluence upon 
® HoUenberg, G J , J Geit Physiol , 1931— 32, 16, 651 
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the observed pd across the protoplasm Such effects seem to be 
absent Not only is the pd practically identical when the by 
drostatic pressure, and hence the turgor of the cell, is almost ml, or 
IS raised to SO cm of sea water, but also when the capillary is plugged 
with agar, or a stop-cock closed, so that the cell builds up practically 
normal turgor Furthermore, it is the same whether a good flow of 
sap is produced, or perfusion is stopped Streaming potentials, 
osmotic effects (as in a Donnan equiUbnum), or “gcoelectnc” effects’ 
are hence of httle importance m the experiments, as would indeed bo 
predicted from the high salt concentration (0 5 to 0 6 xi) involved 
Conversely, no change of hydrostatic head was observed, even in a 
very fine capillary, when the p D was caused to reverse by the addition 
of ammonia, or when a fairly large electric current was passed across 
the protoplasm m either direction Anomalous osmosis, or electro 
endosmosis thus appears to be absent or msigmficant 

Similarly perfusion has no effect upon the r n due to exposure of 
the sap to air, or to foreign surfaces such as glass, rubber, etc Thus 
2 or 3 cc of natural sap, extracted from several other cells, could be 
arculated continuously through the vacuole of an impaled cell, by 
pipetting repeatedly back from the exit to the entrance tube, for an 
hour or more, the p n remaining normal Even sap kept overrught 
could be so arculated, without effect on the normal pjj , unless pH or 
putrefactive changes had occurred 

Arltfictal Sap 

This estabhshed, it was of interest to know whether there w ere any 
pecuhar properties of natural sap, such as small amounts of organic 
matter, which might be responsible for the high r n across the proto 
plasm This seemed unlikely, smee natural sap applied externally 
does not reduce the pm to zero, ns would be expected from the re 
sultant symmetncal chain To test this further, vanous dilutions of 
natural sap, by admixtures of arbficial sap or single salt solutions, 
were perfused It was found that these did not reduce the P n , as 
long as a reasonable degree of physiological balance was maintained 
(r e , Ca and llg kept present about as m the natural sap, or at about 

’ Umuner L , Jalirh msienscli Bot , 1927, C6, 381 
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half the concentrations present in sea water) In fact, it was found 
possible to perfuse artificial sap for long periods, to an extent that 
must have washed out most of the remaining natural sap, without 
reducing the pd The addition of a small amount of glucose or 
sucrose kept the protoplasm from shrinking away from the wall during 
long perfusions with artificial sap, but was otherwise not essential to 
the procedure It therefore seems unhkely that any organic con- 
stituent of the sap accoimts for the p d It might be imagmed that 
the protoplasm was constantly secreting more of such matter directly 
mto the unstirred layer of sap just within the vacuolar surface, but 
it seems reasonable that this would become considerably diluted dur- 
ing perfusion while the p n is not influenced 

Sea Water 

It remams to ask whether the inorganic constituents of the sap 
account for the p D This also seems unhkely a prion, since in E 
Osterhontn the sap differs only very shghtly from the sea water’ 
(chiefly by the absence of sulfate, and a much lower pH) , furthermore 
m either species a large p n persists when artificial sap is apphed 
externally ® But the inner surface might respond to certain sub- 
stances quite differently from the outer, it was therefore essential to 
substitute sea water for natural or artificial sap in the vacuole The 
cells were found to stand this treatment very well, especially if a small 
amount of sugar were added to prevent shnnkage of the protoplasm 
The results are comphcated by the effect of pH (which with artificial 
and natural sap was maintained at 5 0) If the sea water is brought 
to this value also, its effects when perfused in the vacuole are scarcely 
distinguishable from those of natural or artificial sap This holds for 
both species of Halicystis Thus in the absence of all known gradi- 
ents except pH, i c -with the salts of sea water present on both sides 
of the protoplasm, and constantly renewed by perfusion or stirnng, a 
large p d (of 68 or 80 mv depending on the species) persists 

If now, the pH gradient be also obhterated, there still remains a 
large p d The outside sea water may thus be low ered to pH 5 by the 
addition of a trace of HCl After a transient effect, large in E 

L R,/ Gen Physiol ,1919-50,13,223 
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Oster/:ou/t 2 f very small mS ovalis^ the P b largely or entirely recovers, 
remaining at 50 mv positive m the former, and still at about 80 m\ 
positive in the latter speaes This is in the absence of all known 
gradients, t e , mth sea water of pH S on both sides of the protoplasm 

Fmally, normal sea water of pH 8 1 may be kept outside, and per 
fused as well through the vacuole As reported earher,^ raising the 
pH of the vacuolar fluid m E Osterhouht, either by penetration of 
ammoma, or by direct addition of NaOH, causes a profound change 
of the P D , which reverses m sign, the cntical pH of the sap apparently 
lymg between pH 6 0 and 6 5 This occurs equally well whether 
natural sap, artificial sap, or sea water, is so raised m pH Whatever 
the mechamsm of this reversal, the significant point is that the pji 
does not become zero, but may reach rather high values (20 to 40 mv 
negative) when the pH of the perfusmg solution is raised to that of 
the outside solution In other words with sea water of pH 8 1 inside 
and outside the protoplasm, a large (now negative) pj) is mamtained 

This situation m B Oslerhoultt was expected to hold as well in 
B malts, since this speaes likewise undergoes a reversal of pj> m 
the presence of ammoma * But this has not been found to be the 
case Sea water of pH 8 1 (or even higher) may be perfused for 
long periods through the vacuoles of this species, with no reversal of 
PD , and with only a few milhvolts decrease of the normal positive 
p D Indeed there is sometimes no change of p n whatever This 
unexpected indifference to the vacuolar pH is puzzhng It may be 
concerned with a higher cntical pH for reversal (the ammonia thresh 
hold IS 3 to 10 times as high as m H Oslerhoiitii) or with a lower per 
meabihty of the protoplasm for hydrogen ions (suggested by the 
absence of pH effects externally as well) Whatever the reason, 
however, this resistance to change offers perhaps the best evidence 
we yet have of the largely inherent nature of the p n in Balic^slts 
t e , there is an 80 mv positive p D with sea water on both sides of the 
protoplasm 

Effect of Potassium 

Another interesting point comes out of the unchanged pj) when 
sea water is perfused m B craUs This speaes has about 0 3 m K-Cl 



418 


PROTOPLASMIC POTENTIALS IN HALICYSTIS IV 


in the natural sap,*^ this is reduced to about 0 01 m when sea water is 
perfused, yet there is practically no reduction of p d This is all the 
more remarkable since there is a very large effect® when KCI is in- 
creased on the external surface The indifference of the vacuolar 
surface to such change nullifies the earlier suggestion made by the 
author that the higher p n m 5" ovahs might be due to the higher KCI 
content of its sap Indeed, the converse expenment, earher reported,® 
of raising the KCI content of H Osterhouht sap by perfusion, has 
proved to be not very effective or lasting m raising the p n , and may 
have been confused with the pH effect, not then recognized The 
10 or 12 mv difference of p d between the two species is thus ap- 
parently independent of the KCI gradient, and must be inherent, or 
‘'specific ” 

DISCUSSION 

The chief result of the perfusion studies here described is increasing 
evidence that the p d across the protoplasm of Hahcyshs is almost 
entirely independent of any concentration gradients existing between 
the vacuole and extenor of the ceil This had been strongly indicated 
by the essential similarity of the cell sap of H Osier ho uht’ to the 

Brooks, S C , Proc Soc Exp Btol and Med , 1929-30, 27, 209 

Similar mdifference was met when filtered Valoma sap (contaimng about 0 5 
M KCI) was perfused m the vacuoles of H Oster/mihi, the p d was not appreciably 
changed It might also be added that m a few experiments where cloggmg did not 
mterfere with perfusion of Valoma by the same method, a correspondmg in- 
(Merence of the vacuolar surface was found, when sea water was substituted for 
sap, the P D was practically unchanged While too much faith is not placed in 
these Valoma perfusions (the cells did not live well afterward), it would appear 
that the vacuolar surface may have quite different properties from the outer 
surface, smce potassium has a large effect when externally apphed This may 
have a beanng upon the suggesUons offered to account for the shape of the KCI 
curves m Valoma (Damon, E B , / Gen Phystol , 1932-33, 16, 375) There is, 
however, one striking potassium effect m Eahcysiis sap A small concentration 
must apparently be present to mamtam any p d whatever Artificial sap, or 
artifiaal sea water, made up to contam no potassium (by cobaltinitnte test), 
quickl} reduced the P n to zero, when perfused m B Ostcrlwuln, although with- 
out such effect when apphed externally Addition of a trace of KCI restored the 
p j) This necessitj of potassium in the balanced solution suggests the sensitivity 
of the heart to this element (there apphed on the cell exteriors) 
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surrounding sea water, and further advanced by the large p d per 
sisting m either speaes when natural sap or artifiaal sap was applied 
externally ' There were, however, two possibdities remaining (1) 
That certam organic constituents were absent from the artifiaal sap, 
or were lost from the natural sap in the process of extraction, so that 
they were laclang in the solutions apphed externally, (2) That the 
vacuolar surface of the protoplasm was alone sensitive to these sub 
stances, the outer surface bemg mdifferent 

Change of solution in the vacuole itself was necessary to settle 
these possibihties It is now seen that a large p n still persists when 
artifiaal sap, contairung no added orgamc constituents, or sea water, 
exactly equivalent to the external solution, is perfused in the vacuole 
While m one species the pH of the perfused solution influences the 
stgn of the p d it shll remains large when the pH is the same on 
both sides of the protoplasm 
Some of these symmetncal chains may be reviewed 


n Osterhotdtt 
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Obviously, such P D ’s must depend upon some mtemal gradient 
or asymmetry within the protoplasm itself Not only this, but the 
constancy of the values with time and during apprcaable current lion 
demand an expenditure of energy which could cventuall} come only 
from some metabolic activity, presumably an oxidation This should 
bo affected by temperature, light, ox>gen supply, respiratory stimu 
lants and inhibitors, oxidants, rcductants, etc Some of these have 
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been studied and will be reported later But it is obvious that many 
steps ma}* lie between biological oxidations and manifest bioelectric 
potentials, one of these is the production of organic ions, which in 
diffusing outward, set up a potential difference Such ions have been 
suggested b}’^ Osterhout’® to account for radial asymmetries in Valonta 
and lY ikUn If these were amphoteric, they nught explain the reversal 
of p D in Hahcysh^ 

The nature of the gradients involved, the identification of the ions, 
if any, the source of energ}’-, remam, of course, the essence of tlie 
problem, which merely becomes more clearly stated by the results of 
perfusion here reported It is being studied further, and it is hoped 
that Eahcystis may contribute to its solution, as n ell as to its 
statement 


SUMMARY 

Perfusion of the vacuole of hvmg cells of Eahcystis is described, the 
method employing two longitudinally fused capfilanes as entrance 
and exit tubes Natural sap, artifiaal sap, and sea water have been 
successfully perfused, with various additions and defiaencies, witlnn 
the hmits of ph3>-siologicaI balance 

In E ovahs the p n remains positive and scarcel3>- reduced in value 
when normal sea water, at pH S 1 , is perfused in the vacuole In E 
Osfcrhoufu the p n reverses in sign when the perfused solution has a 
liigher pH than 6 5 In both cases a large pn persists vhen tlie 
solutions are the same on both sides of the protoplasm In the 
absence of external gradients, there must be some internal gradient 
or as3 mmetr3' of the protoplasm itself to account for the p n Since 
appreaable currents are produced, there must be some metabolic 
activit3' as a source of energ3^ 

The higher normal f d m 5 ovalis is not due to the higher HCl 
content of its sap (as earher suggested by the author) since it persists 
nearl3’junchanged when sea water is substituted for sap 

Osterhout, W J V , BuU Nat Research Council, No 69, 1929, 170 (footnote 
65), Bid Rev ,1931, 6, 3S2 



IHE SPREADING OF PEPSIN AND OF TRYPSIN* 

By evert GORTER 

{From the Children's Clinic of the Untvcrstiy Hospital Leyden, and Tcyler s 
Physics Laboratory, Haarlem, Holland) 

(Accepted for publication, May 28, 1934) 

In this article the behavior of pepsin and trypsin m a monolayer 
under vanous conditions will be desenbed Both substances* show 
all the characteristic properties of other proteins Pepsm is admirably 
suited for the study of the influence of positive ions, as its isoelectric 
point hes far to the aad side On trypsin the influence of negative 
ions can easily be shown 

Pepsin^ 

The pepsm was obtained in the form of a 5 per cent solution m 
glycerol (1 cc. containing 50 mg of pepsm) It was diluted tenfold 
before use with 0 01 N hydrochloric aad (pH 2) 5 mm * were blown 

out of a calibrated micropipette on the surface of the water m a Lang^ 
muir tray according to the method which we have used for several 
years 

Efcct of pB — The effect of pH on the amount of the spreading has 
been studied For this purpose dilute h>drochIonc aad solutions 
between pH 1 and 3, a 1 /300 molar sodium acetate acetic aad solution 
between pH 3 6 and 5 6 (or 1/350 molar veronal acetate buffer solu 
tions according to Michaehs), and mixtures of HCI 1/300 N and 
NajCOj 1 /300 N were used 

It was possible to shoiv that, as a rule, the influence of pH is the same 
as that observed with other proteins The maximum was again a 

* These expenments were made possn)Ie bj a giant from the Pieter Langcr 
huizen Fund 

* These substances were kindly pbeed at my disposal bj Dr JohnH Northrop 

* As the pepsm solutions contained 50 mg pepsm per cc gl> cerol, it cas> 
to calculate from these data the protein content of the solution used m the present 
expenments The solutions were alwa>'smade by adding dilute h>'drochloncaad 
to a certam amount of the gl> cerol solution determmed b> weight The specific 
gravit> of the gl> cerol was taken at 1 25 
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gjreadmg of ±1 sq m per mg. On the acid side, however, there 
exists a small minimum onl}^ whereas on the alkahne side of the iso- 
electric pomt a pronounced minimum is observed (Fig 1) 

It has been possible to demonstrate that the TmmrmiTn (at pH 6 2) 
is strong^ influenced by the addition of cations to the water m the 
tray. 1 milliequi-ralent of a bn*alent cation has a distmct effect on the 
spreadmg: it tends to mcrease the size of the area at this pomt (Fig 2) 
It was impossible to find any difference between Mg++ Ca++, Sr+'^j 
and Ba~^, all havmg the same effect in very small amoimts (| milli- 


tfepsln 



Pepsin, pH 62 



Fig 1 Influence of pH on the spreading of pepsin The siunbols x, and -h 
indicate diFerent samples of pepsin 

Fig 2 Influence of biralent cations on thespreading of pepsm Ba is omitted, 
its curve is the same as the others gi\ en X, Ca, -h, Sr, *, Jig 


molar). This is in agreement with what we found on stud}ong 
ovalbumin 

Uni%‘alent caPons have the same effect as have bivalent capons, but 
much larger amounts are necessarj- to produce an increase m the size 
of the area (Fig 3) Li~, Xa% and K~ behave differenPy according to 
their atomicnumber, the larger atom ha\mg the stronger effect (Fig 4) 

The strons influence of pohwalent posiP\ e ions on the spreadmg 
at the alkahne side of the isoelectnc point of a protem, like pepsm, can 
also be ob 5 er\-ed when making use of organic bases hke spermine or 
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Fig 3 Fic 4 

Fig 3 Influence of uni and bivalent jons on the spreading of pepsm X, 
Na «, Mg 

Fic 4 Influence of l>otropic senes on the spreading of pepsm X, K, ,Ka 

Ll 




Fig S Influence of spermine and agmatine on the spreading of pepsin. + 
spermine X, agmatine 

Fig 6 Influenceof timeonthcspreadingofpepsinaflcradditionoflanthanuni 

nitrate 6 minutes, X) 12 mmutes 
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agmatine (Fig 5) Exactly the same amount of these substances was 
sufi&cient to produce an mcrease in the spreading, when added to the 
water m the tray, at a pH of ±7 5 as was the case with Ca A tri- 
valent positive ion has a strong effect on the spreadmg at pH 5 0 
La(N03)3 has a distmct influence in a 1/8 miUimolar solution As in 
most of the experiments tune has the same influence on the end result, 
chiefly when the spreadmg has an intermediate value (Fig 6) 

It IS obvious that pepsin is a protein that shows this influence 
extremely well, because its isoelectric pomt hes far on the acid side 
(pH 2 7) 

With substances like guanidm, methylguamdm, creatm, and creati- 
nine, no effect on the spreading of pepsin was obtained at pH 6 2, when 
the same amounts were used as in the case of monovalent ions hke 
potassium and sodium 

Trypsin 

The trypsin was obtained in the form of a cake contaimng some 
ammomum sulfate and having a water content of ±70 per cent It 
was dissolved m 0 001 molar hydrochloric aad Solutions containing 
respectively 26 3, 27, and 28 mg cake per cc were used * 

Qmte a different type of curve was foimd, when plotting pH against 
size of spreading area (Fig 7) A definite maximum of spreading 
at the isoelectnc point could not be observed when using the original 
preparation containing ammonium sulfate 

With trypsm having a mimmum at pH 3 it was easy to study the 
effect of amons It was possible to demonstrate 

1 The valency effect in the senes CI“, SO 4 , and MTS * (Fig 8 ) 

2 The lyotropic senes Cl", Br~, I", and CNS" (Fig 9) 

* MTS means methanetnsulfomc acid CH{SOzR)z 

^ The tr>>psm content of the cake was determined by means of the activity 
coefficient according to Northrop, modified somewhat by Dr Meyer It vas 
found that the cake contamed 24 per cent acUve trypsm This was assumed as 
the total protein content Direct mtrogen determinations were not possible 
as the cake contained ammonium sulfate This determination of the activity 
had the great adN’antage that it showed that the preparation had not been trans- 
formed into mactive material 

Dr Northrop also sent trj-psm m a drj^ state It contained 92 per cent trj'psin 
according to a N detemunaUon made bv mj collaborator Dr Mcjer This 
seived for the last senes of experiments 



EVERT GORTER 


425 


Trypsin 


■! 

n 

m 

m 

n 

m 

nn 

n 

■ 

■1 

mmm 

mmm 

■ 

■n 

■ 

■ 


pH 


Tx»yp9ln pH 2.7 



3m JM 55 <5 B 
mw 2 

mK 4 a 16 32 64 


FiC 7 


Fig 8 


Fig 7 Influence of pH on the spreading of trypsiD 

Fig 8 Valenc> effect on trypsin +, MTS, X, SO4, , Cl 



Fig 9 Fig 10 


Fic 9 L>otropic senes Influence on spreading of tr>’psm Cl and I are 
notgi\cn Their curves are Ijing at the light place , CNS X,Br 

Fig 10 Influence of glutathione on the spreading of tr>*psin. 
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The same observations could be made on the aad side of the iso- 
electnc pomt when studying trypsm and when using substances like 
glutathione This substance had a pronounced effect on the spreading 
when it was added to the water in the tray to make a ^ milhmolar 
solution, whereas the maximum was obtained with a | miliimolar 
solution (Fig 10) 

On the other hand glutamic aad had no such influence and did not 
enhance the spreading, even when 528 mg per hter was used, that 
IS, a 4 milhmolar solution 
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AN APPARATUS FOR PRESSURE MEASUREMENTS OE 
SPREADING SUBSTANCES* 

By evert GORTER add WILHELM ADOLF SEEDER 
(From Ihc Childrens Clinic of the Umccrsity Hospilal, Leyden^ Holland) 
(Accepted for pubbcation, May 28 1934) 

Results of measurements of the spreading of proteins have been 
reported in the previous article The measurements were made with 
an apparatus differing in various ways from e'osting apparatus (Lang 
muir, Marcehn, and Adam) 

It was essential m the construction of this apparatus to obtain an 
instrument by which it would be possible to make quick and accurate 
measurements * Also we tried to make handlmg of the instrument as 
easy as possible The latter feature is important for the use of the 
mstrument m the chnical laboratory in, for instance, the cstunation of 
spreading substances from the hving organism such as proteins, hpoids, 
fats, and fatty aads 

The method by which measurements are made is essentially identi- 
cal with that by which Langmmr got his well known results 

A free movable barrier C floats on the surface of the hquid in a 
shallow rectangular tray The barrier is connected by very thin 
platmum stnps P 1 P 2 (3p thick) to the edge of the tray (Fig 1) A 
difference m tension of the surfaces at A and at B will cause a move 
ment of the barner C This movement is prevented by the fork of the 
torsion balance, and forces acting on the barrier can be transrmttcd 
to the balance and compensated by the torsion of a spnng D The 
amount of torsion is read on the scale S Movements of the balance 
are detected by an optical system O and mirror If on the axis of the 
balance 

• These experiments were made possible bj a grant from the Pieter Longer 
buizen Fund 

t The apparatus is constructed bj the mechanic G A detnesat Lc> den and 
can be supphed bv C V Eiga Instrument Co Lei den Holland 
427 
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For accurate measurements the barrier cannot be rigidly attached 
to the fork Therefore the legs of the fork fit loosely m two slightly 
larger holes m the barrier C In this way only horizontal forces actmg 
on the barrier wiU be transmitted to the torsion balance 
A more detailed description of the mstrument wiU now be given 
The steel ans of the balance tinns between two agates These agates 
are normal watch agates with small circular holes m which the fine 
cylmdncal points of the ans accurately fit The stones are fitted m 
two cj'Iindncal axes One of the axes is fixed ngidly to the frame of 
the balance The other one — by means of which the agate is accu- 
rately centered — ^is also mounted on the frame but m such a way 
that it can rotate aroimd its axis The mdex with nomus is fixed to 



this movable axis, to which the free end of the spnng is also attached 
The steel aas fits exactly m the center hole of the spiral spnng , — ^an 
alarm-clock escapement spnng For sake of hnearity of torsion 
forces two sprmgs are mounted on the axis with the spiral-wmdmg in 
opposite directions The scale on which the torsion of the sprmgs is 
read can rotate around its axis, to obtain an ea^ zero adjustment 
The next point to consider is the construction of the balance Here 
it was tned to keep the balance system as hght as possible without 
sacnficmg ngidity The vertical downward rods are tubes, obtained 
bv drawmg nickel-foil of 0 15 mm around an axis of 2 mm To pre- 
vent chemical action of the flmd in the tray with the mckel, and 
capillar}- nse of that fluid in the narrow tubes, short capillary glass 
tubes with one end dosed are cemented over the ends The barrier 
is a thm mica stnp (thickness 0 2 mm , other dimensions 0 8 x 12 cm ) 
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At both ends ire h\ed two glided bnss holders for the phtiniim 
strips T hc> ire bent from hard bnss foil in such i wie thit i small 
spring IS formed to clamp the plitinum strip (Fig 2) 

The connection of the plitinum strips with the sides of the tra\ 
IS more complicated For easy cleaning of the surface of the fluid in 
the tray it should be possible to lift the balance from the water, the 
platinum strips also have to be lifted This is the reason whj the 
strips ire not fixed to the edges of the tray, but to a piece of gilded 


BRASS SPRING 


BRASS HOLDER 



'PLATINUM STRIP 
Fic 2 



brass Here again a gilded brass spring is used to clamp the stnp 
to the piece of brass 1 his piece of brass is attached by i steel spring 
to the frame of the balance in such a wa> that the pieces of bnss are 
pressed against the edge of the tn> (Fig 3) 

The frame of the balance can now slide up and down into two 
supports and cm be lifted from the tnj be a cog md pinion more 
ment fitted to these supports 3 his will be eleir from the photograph 
of the apparatus The dcvntionsof the balance ire mide \isiblc bi 
an optical sjstcm On the axis of the balance a small mirror is fixed 
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An optical system of the same construction as those in use for projec- 
tion of galvanometei mirror movement is mounted to show move- 
ments of the a\is of the balance The sensitivity of this balance is 
0 1 dyne/ cm per scale degree Tenths of degrees can be read 
The next part to be described is the way m which the glass slide is 
moved over the tray An arm in which the glass slides exactly fit can 
be moved by a long screw with a pitch of 1 cm On a millimeter 
division fixed, parallel to the screw, on the support of the instrument 
the distance of the slide to the balance can be read (Fig 4) 


V 
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The tray is made of glass At first metal trays and trays of cemented 
glass nere tried The trays obtained m the following way, hmvcver, 
give satisfaction A mirror glass plate (17 \ 63 cm ) 10-12 mm thick 
IS hollowed out over a rectangular surface (14 \ 60 cm ) by means of a 
sand-jet The edges of this traj are slightly frosted The use of glass 
has the advantage that it can easily be cleaned by a 1 per cent solution 
of hjdrofluoric acid All glass vessels used in our expenments are 
cleaned with this solution The eelges of the tray are paraffined by 
rubbing them with a piece of paraffin 
After the edges ha\e been coxered with a sheet of paraffin, they are 
rubbed xngorously w ith a clean tow el so that the parafiin sticks firmly 
to the glass Then the paraffin is shaxed off with a razor blade, leav- 
ing a \er\ thin laxer Once more this la\cr is rubbed with a clean 
towel Ihe edges obtained in this wax will last for about a week 
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Another method employed is the following The tray is heated to 
about S0-100°C By touching the edges with paraffin they are 
covered with a sheet of molten paraffin This sheet is rubbed off with 
a clean towel Again a very thm sheet of paraffin mil remain on the 
edges, sufficient for spreading experiments 
The glass shdes are treated m the same way Balance and platinum 
strips are treated mth a very dduted solution of paraffin in ether 
Salt solutions, etc , are obtamed free from any spreading substances 
in the follomng way The water used in the experiments is distilled 
in an all glass apparatus, — stops, corks, are all grease free For the 
experiments mth proteins, it is important to have water completel} 
free from carbon dioxide To destroy the organic substances, some 
chalk and potassium permanganate are added to the water in the 
distilhng flask This flask is automatically filled By the bend loss 
of warm water to the intake regulator is prevented for the difference 
in speafic weight of hot water and the cold water that enters the appa 
ratus prevents convection at this bend Also the chalk and potas 
Slum permanganate mil stay in the distdhng flask Salts are recrystal 
hzed in grease free n ater — if possible they arc heated to destroy or- 
ganic material, and freed from contaminating substances, which loner 
surface tension 
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CRYSTALLINE CHYMO TRYPSIN AND 
CHYMO TRYPSINOGEN 

I Isolation, Crystallization, and General Properties of a New 
Proteolytic Enzyme and Its Precursor* 

Bt M KUNITZ and JOHN H NORTHROP 
(From the Lahoralortes of The Rockefeller Institute for ifedical Research, 
Princeton, N J) 

(Received for pubbcabon, May 28, 1934) 

Kuhne (1) and Heidenham (2) showed that extracts of fresh pan 
creas or freshly secreted pancreatic jmce have no proteolytic activ 
ity The preparations become active when mixed with the entero- 
kinase of the small intestme, as found by Schcpowalnikow (3) or when 
the pancreas is allowed to stand in shghtly aad solution The mech 
amsm of this activation has been the subject of controversy for many 
years (4) Pavlov, Bayhss, Zunz, Wohlgemuth, Vernon, Delezenne, 
and others found the activation reaction to be catalytic and con 
sidered enterokmase to be an enzyme Hamburger and Hekma, Das- 
tre and Stassano and Waldschmidt-Leitz found the reaction to be 
stoichiometric and considered that the enterokmase formed an addi 
tion. compound with the mactive zymogen Vernon (5) found that 
activation could be caused by tiypsin as well as by enterokmase but 
this was demed by Bayhss and Starhng (6) The contradictory na- 
ture of the numerous experimental results mdicates that there is more 
than one proteolytic enzyme in pancreatic extracts Vernon showed 
(7) that the activity, as determined by the clottmg of milk , could be 
partially separated from the proteolytic activity, as determined by 
protem hydrolysis, and concluded that there were at least tuo en 
zymes He also showed that one of these was more stable than the 
other and that activation was caused by the less stable one 

The crystalhne trypsin previously reported by the writers (8) u as 
obtamed from pancreas which had been allowed to activate spon- 
taneously The present experiments were earned out with fresh inac- 
tive pancreatic extracts in order to obtain the inactive form of the 
enzyme and to study the kinetics of activation 

* Kunitz, M , and Northrop, J H , Science 1933, 78, 558 
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In the course of these attempts to isolate the mactive precursor of 
ciystalhne trypsin a crystalline mactive protein was isolated from in- 
active (cattle) pancreatic extracts This protein was called chymo- 
tiypsmogen It cannot be activated by enterokmase but is changed 
into an active proteolytic enzyme by crystalhne tiypsin The new 
proteolytic enzyme formed m this way was also crystallized and was 
called chymo-trypsm It differs from chymo-trypsmogen m crystalhne 
form, optical activity, and number of ammo groups, and it is more 
soluble and less stable The molecular weight and molecular radius 
are about the same as the corresponding values for chymo-trypsmogen 

The new enzyme differs from the ciystalhne tiypsin previously 
descnbed m that it clots milk but does not dot blood and has a weaker 
action on protammes It resembles crystalhne tiypsin in that it 
digests denatured protems in shghtly alkalme solution ^ 

The results agree, in general, with Vernon’s experiments since they 
show that there are at least two proteolytic enzymes present m acti- 
vated pancreatic extract, trypsm and chymo-trypsm Fresh, in- 
active pancreatic extracts contam at least two zymogens, chymo- 
trypsmogen and trypsmogen Enterokmase transforms trypsinogen 
mto trypsm and this in turn transforms chymo-trypsmogen into 
chymo-trypsm 

Quahtatively this mechamsm accounts for the pecuharly shaped 
curves frequently observed for the activation of crude pancreatic 
extract by enterokmase (5) The activation of chymo-tiypsinogen 
by tiypsin is a simple catalytic monomolecular reaction but when 
this IS supenmposed upon the primary activation of trypsmogen by 
enterokmase the combmed result yields a comphcated asymmetncal 
curve The transformation of chymo-trypsmogen into chymo-tiyp- 
sm IS accompanied by a change m optical activity and a shght in- 
crease in ammo mtrogen There is no detectable non-protem nitro- 
gen fraction formed nor is there any sigmficant change in molecular 
weight The reaction, therefore, is probably an internal rearrange- 
ment, possibly due to the sphtting of a rmg It is possible, however, 
that a small part of the molecule contaimng no nitrogen is split off 
although there is no exndence for this at present 

1 Waldschmidt-Leitz and ALabon (Z physiol Chtm , 1934, 228, 224) have 
recentlv shovvn that panaeatic “proteinase” probabI> represents a mixture of 
tnpsm and cfav-mo-ti^-psin 
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Both the active and inactive form of the enzyme may be recrystal- 
Iized repeatedly without change of properties Denaturation or hy 
drolysis of the protem results in a corresponding loss in activity 
There is reason, therefore, to beheve that the preparations represent 
pure proteins and that the proteolytic activity is a property of the 
protein molecule 


EXPERniENTAL RESULTS 

Isolaiten and CrysiaUtzahon of Chymo Trypsinogen 

The matenal used m these experiments was cattle pancreas removed 
from the animal immediately after slaughter and immersed in cold 
n/4 sulfunc acid Aad prevents spontaneous activation and removes 
practically all the potentially active matenal from the pancreas while 
most of the inert protein is preapitatcd The and extract obtamed 
m this way (when brought to pH 7 0-8 0) is rapidly activated bj en 
terohinase but cannot be activated by small amounts of trypsin A 
protein was crystallized from this extract which could be activated 
either by enteroLinase or trypsin, it was called chymo trypsinogen 
After repeated crystallization, however, the protein could not be ac 
tivated by enterokinase but only by tiypsin The explanation of 
these apparently contradictoiy results is that the crude extract and 
the once crystallized protem contain trypsmogen and also some sub 
stance which mactivates small amounts of trypsin t\Tien small 
amounts of trypsm are added to such preparations, therefore, no ac 
tivation of chymo trypsmogen occurs smce the trypsm added is mac- 
tivated, but when enteroUnase is added suffiaent active trypsm is 
formed from the trypsmogen to overcome the inhibiting action of the 
solution and so activate the chymo trypsinogen The same result 
can be obtained by addmg enough trypsm even m the presence of the 
inhibitor The effect of repeated crystallization is sunply to remove 
the last traces of these impurities, and the experiment is a good ex 
ample of the effiaency of recrystalhzation as a method of punfication 

The mechanism outhned above was confirmed by mixing pure crys- 
talhne chymo trypsmogen with the mother hquor from the first crys- 
talhzation and adding trypsm or enterolrnase The results of such 
an experiment are shown m Table I As stated above, the reciy stal 
Iizcd chj mo trypsmogen is activated only by trypsm whUc the mother 
hquor from the first crystallization, or the chymo trypsmogen when 
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mixed with the mother hquor, cannot be activated by small amounts 
of trypsm but can be activated by enterokinase The inhibiting ef- 


TABLE I 

Effeci of Addition of Mother Liquor front Chymo-Trypsinogen Crystallization on the 
Activation of Chymo-Trypstnogen by Enterokinase and Trypsin 


Quantity of mate- ’ 
nal activated in 
10 ml u/2S 
phosphate buffer 
pH 7 6 J 

1 

Chymo trypsmogen 0 4 mg 
protein mtrogen 

Mother liquor 0 16 mg 
protein mtrogen 

Chymo-trypsinogen 

0 4 mg protein nitrogen 
-f- mother liquor 0 16 mg 
protein nitrogen 

Activatmg agent 

Trypsm 

Entero- 

Trypsm 

Entero- ' 

Trypsm 

Entero- 




kinase 


km- 


km- 




(20) 


ase 


ase 

Quantity in 10 ml 

0 002 mg 

2inl 

0 002 mg 

2 ml 


2 ml 


1 

protem 


protem 


protem 




mtrogen 


nitrogen 


nitrogen 


(T U ]n*®oglobin 







1 

after 69 hrs at 




i 



5°C 


0 002 

<0 0001 

<0 0001 

0 0015 


0 004 


TABLE n 


Inhibiting Effect of Mother Liquor on Digestion of Hemoglobin by Chymo-Trypsin 

jand Trypsin 


added to 4 ml ji/20 


Crystallme trypsm solution contammg 0 03 mg 
protein mtrogen 

1 ml ■{ or 

Crystallme clijTno-trypsm contammg 0 07 mg pro- 
tem nitrogen j 

phosphate buffer pH 7 6 contammg mcreasmg amounts trypsmogen-mother liquor, 
activity of solution determmed by hemoglobm method 


Protem nitrogen m mother liquor, added, mg \ 

0 1 

1 

0 04 

0 08 

(T U X 10“^ crystalline trypsm 

7 2 

6 3 

5 6 

(T U X lO”* chymo-trypsm 

8 8 

1 

8 8 

8 8 


feet of the mother hquor may be demonstrated directly by determin- 
mg the effect upon the digestion of hemoglobin The results of such 
an experiment are shown m Table H The mother hquor inhibits 
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the digestion of hemoglobin by aystalhne trypsm but not the diges- 
tion of hemoglobm by chymo trypsm 

Isolation of Cltymo Trypstnogcn 

The method finally adopted for the preparation of chymo tiypsmo- 
gen is as follows 

The pancreas is removed from cattle immediately after slaughter 
and immersed in cold J normal sulfunc aad Fat and connective bs 
sue are removed and the pancreas mmced in a meat gnnder, suspended 
in 2 volumes of ice cold n/4 sulfunc acid, and the suspension allowed 
to stand in the cold room at 5°C overnight It is then strained 
through gauze on a large Blichner funnel and the precipitate resus- 
pended m an equal volume of n/4 sulfunc acid and refiltered The 
combmed filtrates and washmgs are brought to 0 4 saturated ammo- 
nium sulfate by the addition of sohd ammomum sulfate and the sus- 
pension filtered through soft fluted paper (S and S No 1450 J) in the 
cold room The filtrate is brought to 0 7 saturated ammomum sul 
fate and the suspension allowed to settle m the cold room for 48 hours 
The supernatant fluid is decanted and the suspension filtered with 
suction The filter cake is dissolved in 3 volumes of water* and 2 
volumes saturated ammomum sulfate added The suspension is 111 
tered and the precipitate discarded The filtrate is brought to 0 7 
saturated ammomum sulfate by the addition of sohd ammomum sul- 
fate or an equal volume of saturated ammonium sulfate The sus 
pension is filtered with suction The filter cake is dissolved in 1 5 
volumes water and brought to } saturated ammonium sulfate bj the 
addition of saturated ammomum sulfate solution The solution is 
adjusted to pH 5 0 (bnck red color with methyl red on test plate) by 
the addition of 5 N sodium hydroxide About 1 S ml per 100 ml 
of solution IS reqiured The solution is allowed to stand for 2 days at 
room temperature (about 20°C ) A heavy crop of crystals gradually 
forms They are filtered with suction The isolation of the chymo 
trypsinogen is practically complete m one crystallization 

“The volume of the serm-dr> filter cake is usualJj determined by weight The 
speofic volume of the filter cake is assumed for convenience to be equal to one. 
The expression ‘the filter cake is dissolved in n volumes of soUent as used m 
the text, means that 1 gm of filter cake is dissolved m n ml of solvent 
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Recrysialhzahoii 

The crystalline filter cake is suspended in 3 volumes of water and 5 
N sulfunc acid added from a burette with stirring until the precipitate 
is dissolved The solution is brought to j saturated ammomum sul- 
fate by the addition of 1 volume of saturated ammomum sulfate An 
eqmvalent amount of 5 n sodium hydroxide is then added with stirnng 
and the solution inoculated and allowed to stand at 20°C Crystalli- 
zation should be practically complete in an hour 
If the crystals are to be used for the preparation of active chymo- 
trypsin the crystallization should be repeated seven or eight times as 
otherwise difficulty is encountered in crystalhzmg the active enzyme 


TABLE ni 

Fractional Crystalhzahon of Chymo-Trypstnogen 


Times crystallized 

Optical activity in 
u /10 acetic acid, 2S°C 

[“Img protein 
nitrogen 

Specific activity after activation, 18 hrs , 6‘C in pH 8 0 v/SO 
phosphate buffer solution + 0 0007 mg crystalhne trypsln/ml 

Hemoglobin 

It ul^^ 

1 Jrog protein 

nitrogen 

Gelatin viscosity 

Ft ^ 

1 Jmg protein 

nitrogen 

Casein formol 

[T UjS^p^otefn 

nitrogen 

1 

0 480 

0 036 

13 5 

0 069 

3 

0 475 

0 037 

15 9 

0 094 

5 

0 473 

0 037 

13 5 

0 073 

8 

0 480 

0 040 


0 070 

10 

0 482 

0 038 

13 9 

0 056 


The above outline descnbes the preparation from fresh inactive pancreas 
The preparations vary somewhat and occasionally the first crystals retain a brown 
coloring matter This colormg matter may be removed by the addition of 2 
volumes of saturated ammonium sulfate to the acid solution of the crystals An 
amorphous precipitate is formed which cames down with it the colonng matter 
and which may be removed by filtration Most of the enzyme may be recovered 
from the preapitate by washmg the preapitate on the filter paper with n/100 
sulfunc acid 

The matenal may be isolated from frozen fresh mactive pancreas although this 
procedure is more troublesome The gland must be frozen rapidly and unmedi- 
ately after removal Ordinary commercial frozen pancreas is active and cannot 
be used Cr>stals prepared from frozen pancreas frequently contam small 
amounts of foreign inert protein This may be removed as follows The crystals 
are dissolved m 3 volumes of water and sulfunc acid added, as desenbed for rc- 
crj'Stallization, and the solution neutralized by the addition of an equivalent 
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Fig 1 Cbjino tn^smogen 
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amount of sodium h 3 'dro\ide A gelatinous precipitate appears and is filtered off 
The filtrate is acidified again i\ith a few drops of 5 n sulfuric acid, 1 volume satu- 
rated ammonium sulfate added, and the solution brought to pH 5 0 with sodium 
hvdrovide and inoculated 

The preparation is conveniently carried out with about 10 fresh 
cattle pancreas About 15 gm of once cr}'-stalhzed filter cake is 
usually obtained from 10 pancreas 

The properties of the crj^stalline chymo-trypsinogen are constant 
through at least ten fractional recr 3 '^staIIizations as showm in Table III 
The crystals of chymo-trypsinogen are shown m Fig 1 

Aclwahon of Chymo-Trypsinogcn 

Chymo-trypsinogen after recrystallization has a variable and barely 
measurable activity equivalent to about 1/10,000 that of ch 3 >^mo- 
trypsin This activity is probabl}'- due to the presence of traces of 
chymo-trj’-psm since the relative activity on various proteins agrees 
with that of chymo-trypsin 

The chymo-trypsinogen could not be activated by enterokinase, 
calcium chloride, pepsin, inactivated tr}’^psin, or by chymo-tr}^psin 
It could be activated bj'' all commercial tr 3 '^psm preparations tried 
and also b 3 '- all crude active pancreatic extracts 

Kinetics of Activation of Chymo-Trypsinogcn by Crystalline Trypsin 

Effect of pH — The effect of the pH of the solution on the rate of the 
actuation of ch 3 ’’mo-tr 3 "psi nogen is shoivn in Fig 2 The curve re- 
sembles that for the eflect of pH on the digestion of casein b 3 " tiypsin 
and indicates that the reaction is related to the usual h 3 '^drol 3 Tic ac- 
tion of tr 3 psin However, as will be discussed below, no evidence for 
an 3 " actual cleavage of the chymo-trypsmogen molecule could be 
found 

Effect of the Concentration of Trypsin — The activation follows the 
course of a monomolecular reaction and the rate is proportional to the 
concentration of ti^-psin added This result is shown in Fig 3 {cf 
Table IV) in which the logarithm of the per cent of chymo-tr 3 'psino- 
gen remaining at an 3 time is plotted against the time The resulting 
curxes are all straight lines showing that the reaction is monomolccv- 
lar The slopes of the cun es arc proportional to the concentration of 
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trypsin present showing that the rate of reaction is proportional to the 
trypsin concentration 

Effect of the Chymo Trypstnogen Concailralton — ^The per cent of the 
chymo trypsinogcn activated at any tune is constant and independent 



Fig 2 Effect of pH on rate of activation of ch>Tno-trypsuaogen (5 C ) by 
trypsm compared ■with the effect of pH on rale of digestion of casern by toiism (8) 
and the effect of pH on reversible inactivation of trypsm (10) 

Activation nurture — 5 ml chymo-tTypsmogeB solution m n/ 400 bydrocblonc 
aad (1 mg protem mtrogen/ml ) plus 1 ml trypsm solution (0 006 mg protein 
nitrogen/ml ) plus 4 ml m/5 borate phosphate buffer of \'anous pH Left at 
5 C and activity determined by hemoglobm at mtervals Rate of activation 
determmed from these results 

of the concentration of chymo trypsmogen This result is shown in 
Table IV The activation of chymo trypsmogen by trypsm, therefore, 
IS expressed by the equation 

“ di 


KTG 
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in which T = concentration of tiypsin and G = concentration of 
chymo-tiypsmogen, or on integration 

t Gt 

KT is the observed veloaty constant {K') for any one concentration 
of trypsin The value of K for unit trypsin concentration may be 



Fig 3 Effect of trj’psin concentration on rate of activation of cbyTno-trypsino- 
gen (c/ Table ItO- 

calculated and is found to be 670 per hour per mole trypsm/Iiter or 
360 per hour per mg trjyisin nitrogen/ml 
In the preceding experiments the activity nas determined by the 
rate of digestion of hemoglobin The active enzy^me dots milk and 
digests Sturm so that the rate of activation nas followed also by the 
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rennet action and by stunn digestion The per cent of activation, 
as determined by these three methods, is the same as shown m Table 

TABLE IV 

Activation of Chymo-Trypnnogen hy Trypan at 
Effect oj Concentration of Trypan 

Cbymo-trypsinogen solution 0 26 mg protein mtrogen/mL in 0 075 M phos- 
phate buffer pH 7 6 4 ml chymo-trypamogen solution + 1 ml crystalline 

trypsm solution m 11/400 hydrochlonc aad at 5®C 1 ml samples taken into 

4 ml ir/70 h> drochlonc aad Activity determined by the hemoglobm method 
•r ««« (Final activity - activity at timet) , , 

Logic iOO = — - — - — plotted against time in hours m 


Fig 3 

Effect of Concentration of Chymo-Trypamgen 
Solutions, etc., as above 0002 mg crystallme trypsin/ml activation mature 


Cooceatntioa of cbymo-trTpilaogeo ms protein 
BitregcB/ml,. 

043 

0105 

Time 

iTUlSf-N 

hrt 



0 


0 

0 5 


3 46 

1 0 


5 04 

2 0 

7 00 

7 06 

7 0 

9 00 

8 60 


TABLE V 

Rate of Aclwation of Chymo Trypstnogen ae Measured hy Digestion of nemoglohtn, 
Clotting of Milky or Digestion of Stnnn 

1 ml dialj’zed chjTno-trypsmogen solution containing 1 0 mg protem mtrogcn/ 
mb 4- 1 ml crystallme trypsm solution (001 mg N/mL *=» 0 0016 [T U]^^) + 
3 ml u/lO pH 7 6 phosphate buffer 25 C Sampled at intervals, 1 ml + 4 ml 
ir/15 hydrochlonc aad Activity determined by various methods 


Time et 25 C eda 

IS 

JO 

1 

f Hemoglobin method 

77 

100 

Pet cent final activity by 

1 Clotting of milk. j 

84 

too 

1 

[ Sturm 1 

78 

100 


V This result indicates that these vanous substrates arc all attacked 
by the same cn^Tne 



















442 


CHYMO-TRYPSIN AND CHYMO-TRYPSINOGEN 


I 


in which T = concentration of trypsin and G 
chymo-trypsmogen, or on integration 


concentration of 


zr = i In — 

t G, 

KT IS the ofeerved veloaty constant {K') for any one concentration 
of trypsm The value of K for unit trypsin concentration may he 



Fig 3 Effect of tiypsm concentration on rate of activation of chymo-trypsino- 
gen (c/ Table IV) 

calculated and is found to be 670 per hour per mole trypsin/hter or 
360 per hour per mg trypsm mtrogen/ml 
In the preceding experiments the activity was determined by the 
rate of digestion of hemoglobm The active enzyme clots milk and 
digests Sturm so that the rate of activation was followed also by the 




rennet action and by sturm digestion The per cent of activation, 
as determined by these three methods, is the same as shown m Table 

TABLE IV 

Activation of Ckymo Trypsinogen hy Trypsin at 5 C 
Effect of Concentration of Trypsin 

Chymo trj'psinogen solution 0 26 mg protein nitrogen/ml m 0 075 li phos 
phate buffer pH 76 4 ml chymo-trypsmogen solution -f 1 mb crystalline 

trypsm solution m 11/400 hydrochlonc aad at 5 C 1 ml samples taken into 
4 ml m/ 70 hydrochlonc aad Activity determined by the hemoglobin method 

T (Final activity — activity at time <) . 

Logio 100 = — - — - — j— plotted against time m hours m 


Fig 3 

Effect of Concentration of Ckymo-Trypsinogen 
Solutions etc as above 0 002 mg crystalline tr>T3sm/mh activation mixture. 


CoDceiitr&lIoa ol cbymo-trypsInog«n tof protuo 
pitrogtn/mL, 

0 41 

0 105 

Time 


kft 



0 

0 

0 

0 5 

3 50 

3 46 

1 0 

6 20 

5 04 

2 0 

7 00 

, 7 06 

7 0 

S> 00 

8 60 


TABLE V 

Rale of Activation of Chynio-Trypsinogen as lleasured ly Digestion of Bemoglohn, 
Clotting of Milh or Digestion of Shtnn 

1 ml dialyzed chymo trypsmogen solution containing 1 0 mg protem nitrogen/ 
ml 4- X ml crystallme trypsm solution (0 01 rag N/ml «> o 0016 [T U ]^) + 
3 mb M/10 pH 7 6 phosphate buffer, 25 C Sampled at intervals, 1 ml + 4 ml 
m/15 hydrochlonc aad Activity detcnnined by vanous methods 


Time at 25 C mM j 

15 

50 


Hemoglobin method 

77 

100 

Per cent final activily by • 

Clotting of milk 

at 

100 


Stimn 

78 

100 


V This result indicates that these vanous substrates arc all attacked 
by the same enzyme 
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C/;a) 2 ge tn Non-Proietn Nitrogen during Activation —i:h&xe is a 
slight increase in non-protein nitrogen dunng activation but the ap- 
pearance of tins non-protein nitrogen does not parallel the increase in 
activit}'- (Fig 4) It IS probable, therefore, that the production of 
these non-protem compounds is a secondary reaction due to the 
gradual autolysis of the chymo-trypsm The total amount of non- 
protem mtrogen found amounts to less than 10 per cent of the total 
nitrogen 



Fig 4 Increase in non-protem nitrogen during activation of chymo-trypsinogen 
by tiypsm 10 ml chymo-tiypsmogen solution containing 9 mg protein mtro- 
gen/ml plus 1 ml si/1 pH 7 6 phosphate buffer plus 1 ml crystalline trypsin 
(0 0035 mg protem mtrogen) 5°C Samples 1 ml plus 4 ml n/40 hydrochlonc 
aad Analyzed for non-protem mtrogen and hemoglobm activity 

Spontaneous Activation 

The activation experiments just described were all earned out in 
the presence of trypsm There is, however, a very slow spontaneous 
activation Less than 1 per cent of the chjmio-trypsinogen is acti- 
vated m a month at 5°C There is no marked pH optimum but the 
reaction appears to go faster in weakly aad or alkahne solutions It 
IS probable, therefore, that it is an independent reaction and is not 
caused by mmute amounts of trypsm 



M Ktwrrz AND JOHN H NORTHROP 


445 


Isolation and Crvsiallizalwii oj Chymo-Tnpsin 

The final method adopted for the preparation of chvmo trjpsm 
from chj mo-trypsinogen is as follows 

The chjmo trypsinogen should be recrjstilhzed eight times 10 
gm of crystalline chymo trypsinogen filter cake is suspended m 30 
ml water and dissolved by the addition of a few drops of 5 N sulfuric 
acid 10 ml ii/2 pH 7 6 phosphate buffer is added and a quantitj 
of molar sodium hydroxide equivalent to the acid is also added 
About 0 5 mg crystalline trypsin is added and the solution left at 
about 5°C for 4S hours Anj active trypsin prcpaiation (of cquiva 
lent activity) may be used instead of the crystalline tr> psin After 
48 hours the solution is brought to pH 4 0 by the addition of about 5 
ml n/ 1 sulfuric acid, 25 gm solid ammonium sulfate is added, and 
the precipitate filtered w itli suction 

CryslaUtzalwn 

The filter caUe is dissolved in 0 75 volumes n/IOO sulfuric acid and 
filtered if the solution is not clear The clear filtrate is inoculated 
and allowed to stand at 20‘’C for 24 hours About 5 gm of crjstal 
line filter cake should form 


RccnslaUizalion 

The crystalline filter cake is dissolved in 1 5 volumes n/ 100 sulfuric 
acid, 1 volume of saturated ammonium sulfate is then added call 
tiouslj until crystallization commences The solution is allowed to 
stand at room temperature and practically complete ciy stalhzation 
should take place 

A further crop of crystals may be obtained b\ precipitating the 
mother liquors with saturated ammonium sulfate and treating the 
prcapitatc obtained m this wax ns described under ciy stalhzation 
The optical activity and specific enzymatic activity of the chymo 
trypsin remain constant through at least three fractional crxstalliza 
tions as show n in Table VI 1 he chxano trxqism cry stats are show n 
in Tig 5 

Change in Actmh vtth Decrease in Nati c Protein 
AATicn the chvmo ttyqisin protein is denatured m si/IO hydrochloric 
acid the decrease m activity is proportional to the decrease in native 
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Fig 5 Ch\mo-tnpsm 


protein concentration, as sho^^n in Table VII The per cent loss in 
activit\ under these conditions is the same \^hen measured cither b} 
digestion of hemoglobin or by rennet actiMt} fTablc This 

indicates that the hemoglobin digestion and rennet action arc due to 
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TABLE VI 


Fractional Cryslalltzatton of Chymo Trypsin 


No. of tlaa 
cryatalltted 

Optfcil activily 
u/lO acetic tcid 

[“Img protda 
aitioKcn 

Specific activiUr/ms. protein nitrogen 

Hemodobla I 

tew nitrogen 

Gelatin V 

fx 

1 Jmg pro* 

tern nitrogen 

Casdn S. 

tein nitrogen 

CasdnF 

Jmg pro- 
tein nitrogen 

1 

0 336 

0 039 

11 3 

0 98 

0 077 

2 


O 037 

12 0 

1 05 

■EH 

3 

1 O 380 1 

O 038 

10 7 

1 01 

■ ■ 


TABLE Vn 

Changes tn Activity and Native Protein oj Chymo Trypsin Solutions in jt/lO 
Hydrochloric Acid, 20 C 

10 ml chymo*trypsm solution (0 8 mg protem mtrogen/ml ) + 10 ml N/S 
bydrochlonc aod, 20 C 2 ml samples taken and added to 2 0 ml n/ 10 sodium 
hydroxide, solution (No 2) Activity by hemoglobm method 

Native protein mtrogen 2 ml (No 2) +2 ml 2 u sodium chloride m Ji/200 
hydrochloric aad Preapitate » denatured protem, filter Protem m filtrate 
determmed by turbidity method 


Hmc at 20*C ht | 

0 

1 3 

4 


16 

IT UC 

0 015 

0 011 

0 081 

0 0052 

0 0016 

Native protem N/ml , mg 

0 390 

0 256 

0 172 

0 144 

0 031 

^ ^mg protem nitrogen 

0 038 

0 043 

0 047 

0 036 

0 052 


TABLE Vm 

Inaciivalion of Chymo Trypsin Solution in u/10 Hydrochloric Acid 25 C lleasured 
by Hemoglobin Method and Sennet Action 


2 ml chymo-trypsm solution (1 mg protem nitrogen/mL) 8 mL ii/8 hydro- 
chloric acid, 25 C Analyzed for activity by hemoglobm and rennet methods 


Tmeat 35 C. nli» 

0 

1 30 

60 ! 

I 

1 340 

Per cent activity by \ 

f Hemoglobm 
( Rennet 

1100] 

1100] 

00 o> 

55 

60 

' 33 

30 
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the SEtne molecule and confirms the results of the activation experi- 
ment descnbed m Table V 

If the chymo-tiypsin is heated to 100°C in m/400 hydrochlonc 
acid it is very rapidly and completely inactivated with the formation 
of denatured protein as shown by the fact that the protein is com- 

TABLE rx 

Reversible and Irreversible Inactivahon of Chymo-Trypsin at 100°C 

10 ml chymo-trypsm solution (0 33 mg protem mtrogen/ml ) m m/400 h} dro- 
chloric acid, immersed m boilmg water (No 1) 

Activity and native protem m hot solution 1 ml (No 1) -|- 4 ml hot m/400 hy- 
drochloric aad, 2 ml of this solution -f 2 ml 2 m sodium chloride (20°C ) 
filter, activity and protem nitrogen determmed on filtrate 

Activity and native protem after reversal by coohng 1 ml (No 1) 4- 4 ml 
cold m/400 h 3 ’^drochlonc aad, 10 mmutes 20°C 2 ml 2 ml 2 m sodium chlo- 

ride Activity and protem mtrogen determmed on filtrate 


Tune at lOO'C . mtri Not heated 1 S IS JO 

Activity and native protem m hot solution 

Activity [T U 0 017 0 0 

Native protem mtrogen/ml , mg 0 33 0 0 

Per cent total inactivation 0 100 100 


Activity and native protein after reversal by cooling 


IT UC 

0 017 


0 014 

0 0084 

0 0054 

IT 

1 90 


1 7 

1 0 

0 54 

Protein nitrogen/ml , mg 

0 33 


0 28 

0 22 

0 15 

^ ^mg protein nitrogen 

0 052 


0 05 

0 038 

0 036 

, Rennet 

1 ^ ^ ^mg protem nitrogen 

5 8 


6 1 

4 6 

3 6 


pletely precipitated when the hot solution is poured into an equal 
volume of 2 M sodium chlonde, and by the fact that the filtrate from 
the salt precipitate is completely inactive However, if the heated 
solution IS cooled and allowed to stand at 20°C the solution recovers 
its onginal activity and the protein, hke unheated chymo-trj'psm is 
soluble in m/1 sodium chlonde Thus, the denaturation and inacU- 













IT Kmnxz AND JOHN H NORTHROP 


449 


vation of chymo trypsin by heat is completely reversible as has already 
been shown to be true m the case of trypsin (9) If the native protem 
IS assumed to be merely a earner for an hypothetical "active group” 
It IS necessary to assume that the active group becomes mactive when 
the protem is denatured and then becomes active agam when the pro 
tein reverts to the native condition On longer heating this reversibly 
inactivated and denatured form gradually changes to an irreversibly 
mactivated and denatured form which does not become active and 
salt soluble agam on coohng and standmg at 20°C (Table IX) 

If chymo trypsm solutions are allowed to stand at pH 9 0 and 37°C 
there is a loss m protem mtrogen paralleled by the loss m activity 

TABLE X 

Decrease trt Proiew Nitrogen and Activity its Chymo Trypsin Solutions pB P0,37 C 


20 ml chymo-trj-psm solution (0 48 mg protem mtrogcn/ml ) + 20 ml u/10 
borate buffer pH 9 0, activity and protem mtrogen determmed 


TlmcatJrC tin 

0 

1 

2 1 

19 

IT UlS’xlO-* 

1 0 

0 84 

0 CO 

0 22 

Protem mttogen/ml , tng 

0 23 

0 19 

0 13 

0 050 

^ Img protem mtrogen 

0 013 

0 044 

0 056 

0 044 


(Table X) This reaction is probably analogous to the mactivation 
of tiypsm m alkah (10) and is due to the formation and subsequent 
hydrolysis of denatured protem. 

The connection between the protem and the activity may also be 
tested by pepsin digestion The hydrolysis of the protem by pepsin 
IS accompamed by a correspondmg decrease m activity (Table XI) 

General Properties of Chymo-Trypstn 

pH of Maximum Stability — ^Dilute solutions of the cmyme at 37°C 
are most stable at pH 3 0-3 S (Table XH) 

Effect of pH on the Rale of Oigestion by Chymo Trypsin — ^The rate 
of digestion of casein by chymo-trypsm at vanous pH is shown m Tig 
6 The pH activity curve is similar to that of trypsin (8) 

Digestion of Sturm — ^Waldschmidt Leitz (11) has found that the 
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digestion of protamines by pig pancreas, previously considered as a 
property of “tiypsin-kmase” is due partly to a separate enzyme, 
protaminase,” which may be separated from the proteolytic enzyme 
by adsorption of the latter on egg albumin These expenments vere 
repeated with chymo-trypsm but it was not possible to separate the 

TABLE XI 

Decrease in Aclietly and Protein Nitrogen during Digestion of Chyn:o~Trypsin by 

Pepsin pH 2 0, 35‘'C 


25 ml crystalline chjTno-trypsm solution m u/100 hjdrochlonc acid (0 1 mg 
protein nitrogen/ml ) + 1 ml crj'stallme pepsm solution (0 1 mg protein nitro- 
gen) Anab'zed for protein nitrogen and activity by hemoglobin method 


Time at 3S*C , /trs 

0 

05 

1 0 

20 

ITUlSlxie-- 

4 3 


0 66 j 


Protein nitrogcn/ml , mg 

0 09 



1 0 on 

IT U 

‘ 'mg protein nitrogen 

0 048 


m 

0 ots 


TABLE xn 

Inactivation of Chymo-Trypsin at Various pH, 37°C 


5 ml chjTHO-trj'psin (0 03 mg protein nitrogcn/ml ) -}- 5 ml buffers -f- toluene, 
37°C Activitj determined b\ hemoglobin method 


pH 

Buffer 

1 2 

m/5 HCI 

3 0 

m/400 HCI 

3 5 

m/ 5 acetate 

5 

m/ 5 acetate 

6 

m/ 5 POi 

8 

m/5 P0( 

Time at 
37°C 

[T XIO-^ 








0 

7 I 

7 1 

7 1 

7 1 

7 1 

' 7 1 

1 

0 

7 0 

7 1 

1 6 6 

5 7 

2 7 

5 

0 

6 0 

5 7 

5 1 

2 5 

0 


protaminase activity from the proteinase activit> b> this method 
The per cent actnity remo\cd by the egg albumin was the same as 
determined by either casein, hemoglobin, or stunn digestion (Table 

XIII) 
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This result confirms Waldschmidt-Leitz^s statement that h> drol> sis 
of stunn IS caused by the **protemase” and not by ^^protaminase” (12) * 
Digestion of Peptides — The chjrmo trypsin has no measurable effect 
upon the hydrolysis of any of the di- and polypeptides available 
(Table XIV) 



Fig 6 Digestion of casein at vanous pH by chymo-trypsm Casern solution 
5 gm Hammarsten’s casern plus 95 ml m/10 phosphate buffer plus 5 ml vanous 
concentrations sodium hydroxide pH determined by hydrogen electrode 
Chj'mo-trypsm solution 0 02 mg protem mtrogen/ml 1 ml chymo-trypsm plus 
5 mb casern, 35 C Digestion determmed by formol titration or non protem 
nitrogen 

Extent of Hydrolysis of Casein by Chymo-Trypsin — Casern is hy- 
drolyzed more completely by chymo tiypsm than by crystalline tryp 
sm (8) but the hydrolysis by the two enzymes occurs at different link 

® The wnters are indebted to Professor Waldschmidt Leitz for callmg their 
attention to this result 
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ages This is shown by the fact that addition of trypsin to casein 
previously hydrolyzed with chymo-trypsin (Fig 7), or ofchymo- 

TABLE xra 

Efcci of Precipilahon with Acelonc and Egg Albumin on Digestion of Casein, 
Hemoglobin, and Sturm by Chymo-Trypsin 

Chymo-trjTpsm solution (0 3 mg protem mtrogen/m] ) m m/20 pH 5 0 acetate 
buffer 

Egg albumin (Kahlbaum) vanous concentrations in m/20 pH 5 0 acetate 
buffer 

1 ml egg albumm added to 4 ml chjTno-tiypsm, 30°C , 1 hour 3 ml acetone 
added, centrifuged 10 minutes Supernatant in vacuum desiccator 6 hours, then 
at 3 days, made up to 8 ml with m/20 pH 5 0 acetate buffer and activity 
measured on casern, heraoglobm, and sturm 

Sturm activity determination 2 ml enzyme + 10 ml 2 5 per cent sturm pH 
7 6, 35®C 2 ml samples added to excess m/50 sodium hj droxide 1 ml formal- 

deh> de and phenolphthalem added and titrated to pH 9 0 with m/50 hydrochloric 
acid 


Concentration eps albumin, per cent 

0 

OS 

10 

IS 

20 

so 

Per cent onginal activ - 

Casein 

too 

84 

60 

41 i 


15 

it> remaining in su- 

Hemoglobin 

too 

83 

58 


1 28 

IS 

pematant as deter- 
mined b}' 

Sturm 

too 


64 

! 

32 

! 


TABLE XIV 

Hydrolysis Dipcptidcs and Polypeptides by Chymo-Trypsin 

Dipeptides 10 ml m/2S solution in m/10 phosphate buffer + O 5 ml ch^-rao- 
tiyTism solution (0 25 mg protein mtrogen/ml ) pH adjusted to 7 6 2 ml 

titrated + ii/SO sodium hj droxide and formaldchj de 
Tctrapeptides 10 ml m/100 solution Digestion mucturc made up as above 
Poh-pcptides ^ The following— glj a l-f-tiy-ptophane, gh c> 1-alamnc, gljcjl/- 
tNTOsme, gl\ c> l-gh cine, d-lcuc> I-gl\ one, d-Ieucj 2-glj cj 2-glj anc, chloracctjl- 
/-tirosine, glj cj 2 aspartic acid, chloracct}l-/lcuanc, tn /-alan>l-/ ahninc, 
tetra df al 3 n^ 2-d/-abmnc, and pentagl\c}2-gljcme Increase in formol titra- 
tion for 2 ml after 3 da\ sat 35®C waslessthanO iSml m/50 sodium hjdrotidc 

trj-psm to casern pre\iously h>droI>zcd with trypsin, causes a marked 
increase in h> drol\ sis (F ig S) 

* The wnters are indebted to Professor Emil Abderhalden for most of the 
pol\'peptidc3 
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MlIgNaOH 



Days 


Fig 7 Digestion of casern by chymo-lrypsin followed by trypsm 

100 ml I casern pH 7 6 (u/10 phosphate buffer) 

\ 0 OS mg chymo-trypsia rntrogcn/mh »» No 1 

After 2 days 0 08 mg chymo trypsin mtrogcn/mL added to 75 ml No 1 

(Total chymo-trypsm concentration 0 16 mg mtrogen/ral ) No 2 

After 5 da>'s 0 08 mg chymo-trypsm mtrogen/ml added to 25 ml No 2 

(Total chymo-trypsm concentration 0 24 mg mtrogen/ml ) ■■ No 3 

After 5 days 0 08 mg crystalUne tiypsm nitrogen/mL added to 25 ml No 2 
(Total enzyme con<»ntration 0 16 mg chvmo trypsm jutrogen/ml 
plus 0 OS mg trypsm mtrogen/ml ) — No 4 

Digestion dctermmcd by formol titration. 




100 ml < ^ casern pH 7 6 (m/IO phosphate) 

I 0 OS mg tn^isin mtrogcn/ml 

After 2 da\s OOS mg arstaUme tn-psm mtrogcn/ml added to 75 ml 
No 1 

(Total trvpsin concentrauon 0 16 mg mtrogcn/ml ) 
vVftcr 5 da\s OOS mg cnstalhne tr\-psm mtrogcn/ml added to 25 ml 
No 2 

(Total trv-psm concentration 0 24 mg mtrogcn/ml ) 

Aft cr 5 da\’s 0 OS mg ch\ mo-tr> psm mtrogen/ml added to 25 ml No 2 
(Total enaime concentration 0 16 mg tripsin mtrogcn/ml plus OOS 
mg chs-mo trpsm mtrogen/mL) 

Digestio" dctcnnined b% formol titration 


No 1 

° No 2 

«= No 3 

» No 4 



TABLE XV 

Summary of the Properties of dtynto Trypsuiogen, Ckymo-Trypsm, and 
Crystalltne Trypsxn 



Cbymo* 

ItyiBiBoecQ 

Chymo-tfypsJn 

TiypjJa 

Crystalline form 



Long square 

Rhombo- 

Short 




prisms 

hedrons 

prisms 



Carbon 

50 6 

50 0 

50 0 



Hydrogen 

7 0 

7 06 

7 1 

Elementary analysis 
per cent dry weight 

1 

Nitrogen 

Chlorine 

Sulfur 

15 8 

0 17 

1 9 

IS S 

0 16 

1 85 

IS 0 

2 85 

1 1 



Phosphorus 

0 

0 

0 



Ash 

0 1 

0 12 

1 0 

Ammo nitrogen as per j 

f By formol 

4 7 

6 0 

9 3 

cent total nitrogen 


1 By Van Slybe 

4 75 

6 0 


Tyrosme tryptophane equivalent mflU 




equivalents/mg total nitrogen 

2 5 X icr* 

2 7 X 10’> 

3 X 10-1 

Optical activity, 25 C 


In u/lO acetic add 

pH 4 0 In 






0 25 sat 






ammonium 

sulfate 

(alD line, per mg nitrogen 

-0 48 

-0 40 

-0 27 

Solubility in distilled water 

SUght 

Very soluble 

Very soluble 




1 Inu/ 2 K 3 S 04 U/IO acetate 

In 0 5 sat 




pH 4 0 


MgSO, 

Diffusion coeffiaent, 1 
cm Vday 

r By nitrogen 

By hemoglobin 

1 By rennet 

0 039 


0 023 

Molecular volume from diffusion coeiSaeot 


' 1 


cm Vmolc 





65 000 

Molecular weight from osmotic pressure 

KIM 







1 

Hydration gm water/gm protein, from 




osmotic pressure and diffusion coefficient. 


0 5 


By viscosity 




0 1 


Isoelectric point from cataphoresls of col 




lodion particles 


Substrate 

1 5 0 

' 5 4 

7-S 


1 

‘ Hemoglobm 

, <1 X io-‘ 

0 04 




Casern, sol 

<1X10-* 


2 4 

Specific activity fT U] 1 

Casern F 



0 18 

per mg protem nltro- < 

Gelatm V 

<0 1 

12 0 

100 

gen 


Rennet 


8 5 




Qot blood 


<2 0 

1500 



Sturm F 


0 018 

0 63 

pH optimum for digestion casern { 


8-9 

8-9 

Total digestion casein 

, mb u/50 sodium ] 




hydroxidc/5 ml 5 per cent casein j 


17 

9-11 
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Isockdnc Poini — ^The isoelectnc point was determined bj’- measur- 
ing (21) the rate of migration of collodion particles immersed in the 
enzyme solutions at various pH This method shows an isoelectnc 
point for chymo-trypsm at pH 5 4 and for chymo-trypsmogen at 5 0 
Difuston Cocffiacnt {13) — ^The diffusion coeffiaent of ch)Tno- 
trypsm was determmed by measuring the rate of diffusion of the pro- 
tein mtrogen and the activity Both methods gave a diffusion coef- 
ficient of 0 037 cm Vday for chymo-trypsm This result shows that 
the active molecule diffuses at the same rate as does the protein and 
furnishes additional evidence for the identity of the two molecules 
The diffusion coeffiaent for chymo-trypsmogen was measured by 
the nitrogen only and is 0 039 cm Vday The molecular volume cor- 
responding to this diffusion coefficient is about 52,000 cm ’ on the as- 
sumption that the molecules are spheres 
The molecular n eight of both proteins from osmotic pressure 
measurements is about 40,000 so that from these measurements the 
proteins arc hydrated to the extent of about h gm of water per gm 
protein Viscosity measurements, however, give much loner hydra- 
tions 

The general properties of the vanous preparations are summanzed 
m Table XV 

Methods 

1 If? yhsc iclivth' {14) — 1 ml 0 5 per cent starch m ii/IO phosphate buffer 
pH 6 S and m/200 sodium chlonde plus 0 2 ml cnzjTne solution of various concen- 
trations Left at 35 5'’C for 20 mmutes and 2 drops of 0 01 n lodmc solution 
added Dilution of cnaN-mc which gives purple wine color taken as positive for 
am\lase 

Z Lipase — Surface tension method of Rona and Michaelis as well as the 
modified method of lUstatter and Mcmmcn (15) were used It was found very 
con\enient to use the surface tension apparatus of du Nou> instead of a stalag- 
mometer for the measurements of the rate of change of surface tension 

3 Blood Clo'hrs {16) —3 volumes of cattle blood plus 1 volume 28 per cent 
MgSOf, centnfuged 3 ml supernatant plasma plus 6 ml Ji/1 sodium chlonde 
p’us"2 ml M /200 CaCl: made up to 30 ml with water 2 ml of dilute plasma plus 
1 ril of vanous dilutions of enz.vmc solution in M/400 hvdrochlonc acid mixed 
in 50 ml test tubes Left in cold room for 24 hours Minimum concentration 
of cnzvne required to dot determined {T U ] - ml dilute plasma dotted 

b, 1 me: nitrogen in 2- hours, 5'C 

^ j,j. v.? ' c If/-/ — Northrop and Kunitz (17), \nson and Mirsk>, hemo- 
globin r-etbod (IS) 
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5 Rennet A chon — -Kunitz (19) 

6 ProteitiNitroien Freexpitahon — 1 ml protein solution plus 1 ml S per cent 
tnchloracetic acid, heated for S minutes at 75 C 

(o) Micro Kjeldahl method for solutions contammg 1 0 to 0 3 mg protem 
mtrogen/ml 

(6) Photoelectric turbidity method for solutions contammg less than 0 3 mg 
protem mtrogen/ml. 

The precipitate was kept m umlorm suspension by rotating the cell durmg the 
photoelectric turbidity measurement as suggested by Dr A K Fatpart of Prmce 
ton Umversity 

Most of the measurements reported m this paper were made by Miss 
Margaret R McDonald 

SUMMARY 

A new crystalhne protem, chymo trypsmogen, has been isolated 
from aad extracts of fresh cattle pancreas This protem is not an 
enzyme but is transformed by minute amounts of trypsin into an 
active proteolytic enzyme called chymo trypsm The chymo trypsin 
has also been obtained in crystalline form 

The chymo trypsmogen cannot be activated by enterokinase, pep- 
sin, inactive trypsm, or calaum chlonde There is an extremely 
slow spontaneous activation upon standing m solution 

The activation of chymo trypsmogen by trypsm follows the course 
of a monomolecular reaction the veloaty constant of which is propor 
tional to the trypsm concentration and independent of the chymo 
trypsmogen concentration. The rate of activation is a maximum at 
pH 7 0-8 0 Activation is accompamed by an increase of six pnmary 
ammo groups per mole but no spht products could be found, mdicat 
mg that the activabon consists m an intramolecular rearrangement 
There is a sbght change m optical activity but no change in molecular 
weight 

The physical and cheimcal properties of both proteins are constant 
through a senes of fractional crystallizations 

The activity of chymo trypsm decreases in proportion to the dc 
struction of the native protem by pepsin digestion or denaturation b> 
heat or aad 

Chymo trypsm has powerful milk clotting power but docs not clot 
blood plasma and differs qualitatively in this respect from the crystal 



458 


CHYMO-TRYPSIN AND CHYMO-TRYPSINOGEN I 


line trypsin previously reported It hydrolyzes sturin, casein, gelatin, 
and hemoglobin more slowly than does crystalline tr3fpsin but the 
hydrolysis of casein is earned much further The hydrolysis takes 
place at different hnkages from those attacked by trypsin The 
optunum pH for the digestion of casein is about S 0-9 0 It does not 
hydrolyze any of a senes of dipcptides or polypeptides tested 
Several chemical and physical properties of both proteins have been 
determined 
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A METHOD FOR DETERMINING THE RENNET ACTIVITY 
OF CHYMO TRYPSIN 

By M KUNITZ 

{From tht Laboralories of The Rockefeller Inshtute for Medical Research, 
Princeton, N J) 

(Accepted for publication. May 28, 1934) 

When pepsin is added to milk a gradual nse m viscosity takes 
place until the milk begms to clot A quantitative expression for the 
rennet activity of pepsm can thus be given in terms of the mcrease m 
viscosity of the milk solution (1) The viscosity method is sufficiently 
precise and can be convemently used m all cases of clotting of milk or 
blood where the visible clottmg follows a gradual mcrease m the 
viscosity of the fluid 

When chymo trypsm is added to injk a shght, gradual drop m 
the viscosity of the milk takes place, there is no mcrease in viscosity 
until the begiimmg of clottmg when the viscosity nses very rapidly 
and the solution suddenly sets to a sohd gel This is shown m Fig 1 

The abrupt sohdificaUon of milk by chymo trypsin enables the exact 
time of clottmg to be convemently determined The various methods 
desenbed m the literature for measunng the clottmg of milk or blood 
(2) are either very compheated and tune consummg or are not prease 
The followmg method, used during a long senes of mvestigations, v as 
found to be quite accurate and very simple m operation The method 
IS based on the fact that when a concentrated dned milk powder 
solution, to which chymo trypsm has been added, is allowed to flow 
slowly through a narrow tube the uniform flow of the milk is either 
brought to a sudden stop when the milk clots or, if the clot is soft, a 
definite mark of curd is left on the walls of the tube even after the 
clotted milk has contmued to flow slowly through the tube The 
volume of milk which escapes from the tube before clotting occurs can 
thus be determined If, m addition, the rate of flow of the milk in the 
tube IS known then the time requued for the milk to clot can be 
readily calculated 
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Apparaitis 

The apparatus used is similar to that described by Heubner and 
Rona (3) for blood dottmg but is much simpler in construction It 
consists of the following parts, as shown m Fig 2 

1 A straight pipette of 4 ml content, graduated to 0 1 ml It is 
made from an ordmary 5 ml measuring pipette by cutting off the 
tip at the 4 1 ml mark and then fusmg the end to a bore of about 1 
mm m diameter The graduations are, as usual, from 0 downwards 
The marks are rubbed m with a black glass pencil to make them more 
conspicuous when the pipette is filled with milk 

2 A glass tube about 30 cm long and 2 cm inner bore The tube 
IS clamped m a vertical position m a constant temperature bath with 
transparent walls 

3 A number of short pieces of glass tubing about 3 mm m diameter 
drawn out to very fine capiUanes 

Milk SoluHon 

20 gm Khra powdered milk is ground up gradually to a creamy 
paste in a large mortar by the addition of increasmg amounts of dis- 
tilled water, then washed into a 100 ml volumetric flask contaimng 
10 ml of M/1 sterile acetate buffer pH 5 0 The solution is made up 
to mark with water and filtered through gauze The milk, after 
addition of toluene can be stored for 2 or 3 weeks at S^C without 
any sigmficant change in its behavior 

Operation 

1 ml enzyme in water or m M/10 acetate buffer pH 5 0 is blown 
mto a test tube contaimng 10 ml milk at 3S 5°C and the tube is 
stirred immediately A stop watch is started at the moment of 
addition of the enzjune The milk is drawn up to the zero mark of 
the 4 ml pipette by means of a short piece of rubber tubmg fitted 
on the pipette and provided with a sprmg clamp When the milk 
has reached the zero mark the tubing is clamped and a suitable 
capillary tubing is mserted in the rubber tubmg The spring clamp 
IS removed from the rubber tubing while the tip of the pipette is 
still in the rnilt This brings the level of the milk shghtly above 
the zero mark The pipette is transferred into the long glass tube 
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m the vrater bath and fixed in position The time required for the 
first 0 5 ml of milk to flow out is then determmed by means of a 
second stop-watch The first stop-watch is stopped immediately 
after starting the second watch The reading on the first watch in- 
dicates the time elapsed between the moment of mixing the enzyme 
with the milk and the moment when the milk passed the zero mark 
in the pipette dunng its contmuous flow 
The pipette is left in the bath until the milk clots Observation 
is made afterwards of the height of the clotted milk in the pipette 
This observation can be made any time after clotting and it is un- 
necessary to watch the expenment If the clot is soft it n ill continue 
to flow but there is always a distinct curd left on the wall of the pipette 
nhich shows where clotting began 
The method is convenient as well as rapid A large number of 
pipettes can be started one after another and left alone in the bath 
for final reading 

It is advisable to use capillaries of such dimensions that the first 
0 5 ml requires 3 to 5 minutes to flow Such concentrations of 
cnz3’’me should be selected that clottmg occurs within 10 to 20 minutes 
after addition of the enzyme to the milk solution 

Calculations 

It was mentioned above that m the case of clotting of milk by 
ch} mo-tiypsin the viscosity of the milk is not changed appreciably 
until the moment of clotting The rate of the flow of milk depends, 
then, on the size of the capiUarj’- on the top of the pipette as well as 
on the opemng at the outflow , and is proportional to the height of the 
milk in the pipette, i c , 

dh . 

Kh (Equabon 1) 

dt 

Hence, the time required for the outflow of any volume of milk from 
the lc\cl J'c to lc\el ht is 

2-3 ^3 

/ « — log 7 ^ (fquatioa 2) 

A 

Since the pipettes are graduated from zero downvards the onginal 
Light h of the milk is 4 0 and the height A, at any time t during 



Height of rruUc in pipette (log scale) 
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flowing IS 4 0 minus the graduation mark on the pipette at the level 
of the milk The time required for the outflow of a volume, r , of miUv 
IS therefore 

2.3 

< " — (log 4 0 — I(^ (4 0 — r)] (Equation 3) 


where r is the readmg of the pipette at the pomt where the milk dots 



Fig 3 Flow of 18 per cent solution of Klim tthIL powder containing various 
amounts of chymo-trypsm 

Equation 3 was checked by plotting on seim log paper the time 
curves of the flow through two pipettes of milk contaming various 
amounts of enzyme A large number of readmgs were taken in this 
case in order to obtain many pomts for the curves The curves ob- 
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tamed (Fig 3) are straight lines up to the very time of dotting As 
the figure shows, the time of dottmg of a solution of milk powder 
contaming a defimte amount of enzyme is the same for both pipettes 
although the rate of flow differed in the two cases ^ 

The time required for dotting of the milk is calculated as follows 
Let /i equal the time m minutes read on the first stop-watch, i c , the 
time elapsed betu een the moment of muting of the enzyme with the 
milk and the moment at which the milk passes through the 0 mark 
on the pipette. 

/c equals the time read on the second stop-ii atch, 7 c , the time taken 
for the milk to drop from 0 to 0 5 ml 
h equals the time required for the milk to drop from the zero mark 
to the final dottmg mark, r (The value of is is calculated from 
Equation 3, or read off the graph, by holdmg a straight edge against 
the points (0,4) and (h, 3 5) on semi-log paper and then reading tz on 
the time coordinate which corresponds to the value of 4— r on the 
log coordinate) The total time required to dot the milk from the 
moment the enzyme is added is 

Dcfnuhon of Rennet Unit of Activity 

One unit of rennet activity [T U ] is the amount of activity 
that causes dotting of 11 ml of 18 per cent KJim milk in m/10 acetate 
buffer pH 5 0 in 1 minute at 35 5°C The 1 1 ml of mature contains 
1 ml of cnz}’me solution so that if i minutes are required for the milk 

to dot then 1 ml of the enzyme solution contains - units of rennet 

actnity This last number, when divided by the milligrams protein 
nitrogen contained per milliliter of the enzyme solution, gives the 
specific actn it> of the enzyme per milligram protein nitrogen, z c , 

[T U p-c rs r-' ppci < x mg protein nitrogcn/ml 

Example — 1 ml ch>Tno-tr}*psm solution in vater containing 0 015 
mg protein nitrogen V, as added to 10 ml 20 per cent milk solution at 

» He 3 also that tre required to dot is jn\crsel\ proportional to 

the eni^-r'e conce-trafon, mthia the cipcrinicatal cto' of about 5 per cent 
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35 5° C It required 1 6 minutes to draw the mill , into the pipette, 
place the pipette in position, and for the milk to pass the zero 
mark. Ihe time consumed m this way was read from the first stop- 
watch. Thus, = 1 6 mmutes It reqmred 2 7 mmutes for the milk 
to flow from 0 to the 0 5 mark as read off the second stop-watch, t e , 
ti 2 7 mmutes The milk clotted when it reached the mark r = 
155 The correspondmg value of /ii is 4 0 — 1 55 = 2 45 A straight 
hne was drawn on semi log paper through the pomt 1 = 0, /i = 4 0, 
and the pomt f = 2 7, /i = 3 5 The time ordmate of the pomt on 



Fig 4 Activity of chymo trypsin as determined by its effect on digestion of 
hemoglobm and on clotting of milk. 

thishne corresponding to the value of 7i = 2 45 was (j = 9 8 mmutes 
which equals the time required for the milk to drop from the zero 
mark to the clotting mark, r The total time reqmred to clot is 
1 — A + A “ It 4 minutes 

[T trln,j protdn nitrogen “ H 4 X 0 015 ~ 

Numerous measurements of rennet activity of chymo trypsin have 
been made m connection with the expenments described elsewhere 
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(3) In all cases tte precision obtained for the rennet acti\ntA' of the 
ch\*nio-ti:3-p5in by the method descnbed here was of the same order 
of magnitude as that obtained m the measurements of the proteolytic 
acti%-iU' of the enzjune. Fig 4 shows a cur\'e for the rate of activation 
of ch}Tao-tiypsinogen by tr^-psin as measured by digestion of hemo- 
globin and b\- clotting of milk expressed as per cent of final actmty 
The cur\*e shows that the two methods of determimng the amount of 
active ch\*mo-ti 3 *psin produced at vanous times durmg activation 
give practically identical values The same result is shown by the 
curve for mactivation of ch 3 'mo-tiy’psm in m/10 hj'drochlonc aad at 
25°C 

The method was found to be applicable also to the determination 
of the clotting of milk b}* piepsm The change m viscosit)' precedmg 
clotting does not cause an\* significant change in the rate of flow, 
owing to the verv* large aperture of the pipette 

SUMMAPA' 

The rennet actiNutj* of chjnno-trj’psm (or pepsin) is conveniently 
measured by allowmg a standard solution of milk to which ch}Tno- 
tn-psm has been added to flow slowh' through a graduated pipette 
and obseiving the rate and distance of flow of the milk before it clots 
The time required for ch^uno-tr^-psin to dot milk may be calculated 
from these observations The rennet activity is expressed as the 
reaprocal of the tune m minutes requued for 1 ml of erm’’me solution 
to dot 10 ml of standard milk powder solution 
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30 years ago. Sir James Walker (1, 2) published two papers entitled, 
"The theory of amphoteric electrolytes,” m which he discussed the 
conductivities of amphotenc dectrolytes and their deviations from the 
Ostwald dilution law in terms of the mass law Denving the expres 
sions for the various ion concentrations present in an ampholyte solu- 
tion, he showed why the attempt to apply the dilution law to such 
solutions is invalid He was able to show that the conductivities 
calculated from the relations he had obtamed were in agreement 
with Winkelblech’s (3) data for the anunobenzoic acids 
With the exception of a single value for asparagme, the figures 
given by Walker are not concerned with the aliphatic amino ^ads 
At the time there were no trustworthy data for the latter compounds 
In 1895, Emile Franke (4) reported values for a alanme up to a con 
centration of 0 0156 u, and in 1905, Siegfried (5) published more 
measurements on alanine, this time from 0 125 to 1 0 M Values at 
isolated concentrations are also given by Bayliss (6) More recently 
the conductivity of glycine has been measured by Miyamoto and 
Schimdt (7) In connection with the measurement of the conductivity 
of asparagme. Walker pointed out the fact that the only criterion for 
the punty of such a compound is the attainment of constant con 
ductivity on repeated purification, and that such a result was only 
obtained after the asparagmehadbeen recrystallized twenty four times 
Smce the same precautions were not applied to the alamne and glyane 
used in the work mentioned above, it was thought worth while to 
attempt to measure the conductivities of several of the aliphatic 
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a-monoamino-monocarboxjdic acids in order to determine -nhether 
values agreeing with those which can be calculated may be obtained, 
and whether such conductivity data may be used in the determination 
of the ionic mobihties of these amino acids A study of the type 
herein reported would, it was believed, throw considerable light on the 
accuracy as well as the value of armno acid conductivity data 
The compounds studied are glycine, /-valine, and /-asparagine 
The effect of alanine on the conductivity of KCl has also been studied 
in order to determine whether the alanine zwitter ion makes a con- 
tribution to the ionic atmosphere of the solution which is sufficient to 
lead to a reduction of the mobility of the ions which are present in such 
solutions 


EXPERIMENTAL 

The conducti\aty measurements •ncrc made according to the Kohlrausch 
method The details of the apparatus are given by Miyamoto and Schmidt (7) 
The purification of the ammo aads was earned out by repeated rccrj’stalhzation 
until a constant conductivity value was obtamed In the case of the s>Tithctic 
ammo aads (glv one, alanme, and valine) it was found that the addition of alcohol 
to the hot, saturated aqueous solution and repeated washmg between crystalliza- 
tions with alcohol made it possible to reach a constant punt> after reciystallizing 
about eight times, while when water alone was used, the conducbvity value was 
still decreasing after the tenth rccrvstallizatiom This is probably due to con- 
tamination bj ammonium halides In the case of /-asparagine, the use of alcohol 
does not speed the punfication, but it greatly reduces the loss during crjstalliza- 
tion The asparagme finalh used was rccrvstalhzed thirt> -five times 

Certam of the measurements on gljcme and valme were earned out m a cell 
V ith platmizcd black electrodes and the others in a cell wnth grej platmum elec- 
trodes It was found that electrodes coated with platmum bhick could not be 
used in those cells m v hich the asparagme measurements were made for the reason 
that, in the presence of platmum black, asparagme decomposes with the forma- 
tion of ammonia as one of the end products Cells with grej electrodes were used 
to measure the conductiviues of asparagme solutions 

The conductivitv v atc' had a specific conductance of from 1 01 to 1 2 X 10“* 
mhos at 25° The correction for the conductance of the solvent was made by 
subtracting its value from that of the total conductance 

The measurements at 25° verc made m a small oil bath with a temperature 
control of iO 01°, those at 35° in a v -atcr bath v ith a control of iO 1°, and those 
at 0° V ere made m melting icc 

The copductivitv data for glvcinc, d /-valine, and /-asparagme arc 
given in Tabic I 
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TABLE I 


T/ig Spgctfic Conductance of Glyctne, d UVahne and l-AsPora^ing 


Tetnpentnre j 

1 Coficeotnboa 

j specific conductwjce 

(a) Glycme 


wioh/ltkr 

mioi X 10* 

0 ! 

0 077 

0 4 

1 

0 196 

1 2 


0 328 

2 0 


0 512 

3 0 


0 640 

3 7 


0 800 

4 5 


1 000 

5 5 

2S 

0 077 

1 4 


0 196 

3 7 


0 328 1 

6 2 


0 512 

9 5 


0 640 1 

11 8 


0 800 1 

U 5 


1 000 1 

17 8 

35 

0 CMS 

1 4 


0 100 

2 9 


0 240 

7 0 


0 400 

11 5 


0 700 1 

19 5 


J 000 ' 

27 1 

{b)d /Valme 

0 

0 039 

0 08 


0 098 

0 24 


0 244 

0 60 


0 406 

1 00 


0 508 

1 20 

25 

0 039 

0 4 


0 098 

1 1 


0 244 

2 7 

] 

0 420 

4 5 


0 507 

5 4 

35 1 

0 036 

1 1 


0 061 

1 6 


0 151 

3 1 


0 252 

4 7 


0 419 

7 7 
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TABLE I — Concluded 



Co=cc:trsnoa 

SpeaSc conductsrcc 

(c) /-Asparagine 

decrees 

f"ct3flJer 

rh: X 

25 

0 0334 

1 6S 


0 0667 

2 89 


0 1000 

3 96 


0 1333 

5 10 


0 1665 

6 14 


0 2000 

7 46 

1 


For the determination of the effect of the zwitter ion on the con- 
ductmty of a strong electrolyte, d,?-alanine and KCl were used 
For comparison, the effect of urea on the conductivity of the KCI was 
also determined In each case the conductivity of the alanine or 
urea solution was determmed separately and that value was sub- 
tracted from the one obtained for the solution containing KCl The 
conductmty of alanine is very nearly the same as that of glycine, 
while that of the 0 05 molar urea solution used was I 67 X 10~* The 
results are given in connection with the discussion 

DISCUSSION 

In Table II, the values obtained for the conductivities of certain 
ammo acids by different workers are compared, graphical interpolation 
having been used when neccssarj’’ It is quite obMOus that too great 
a reliance cannot be placed on measurements in which the conductivity 
of a concentrated solution approaches that of the soh ent Ev en w hen 
the values obtained with repeatedly purified samples give reasonable 
checl^, it would appear that the validity of the results is still not 
assured In this case it may simply mean that the amount of con- 
taminating substance has reached a constant value Furthermore, 
the nature oi the proper correction to be applied for the conductivity 
of the solv ent is in doubt, as has been noted by Washburn (8) It is 
possible that the solute inCuenccs the dissociation of the impurity 
in such a manner that its contribution to the conductiv ity m the 
cotmion IS different iron that in the solvent alone Under such cir- 
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cumstances simply subtracting the conductivity of the solvent will 
not be adequate, and the nature of the impunty will have to be known 
in order to make a valid correction As the water available had a 
conductivity considerably greater than that of pure water when 
carbon dioxide free, and since the nature of the contaminating sub 
stance is unknown, the correction as apphed may be in error, and 
the extent of the error cannot be accurately estimated 

On the other hand, when attemptmg to make any calculations in 
volving conductivity measurements, one is faced with the fact that in 
most instances deviations from the laws of perfect solutions are prob 
ably considerable even in dilute solutions, and that the deviations to 


TABLE n 

Compansm of Spuific Coniuctmly Data* Obtaintd by Various Worters 


Compcand 

CoDcestn 

tloD 

Pteaeot 

work 

Walker 

SletWed 

Mi7un»* 
to and 

Sfbmidt 

Asparagine 

0 0625 It 

2 8 

6 0 

1 

_ 

Alauae 

0 54u 

6 7 1 


23 S 1 

— 

Glycine 

1 OOtf 

17 8 

1 ~ 1 

34 7 

50 9 


* All conductivity values are X lO* 


be expected are not at present well defined For example, association 
of the zwitter ions may reduce their activity and thus reduce dissoaa 
tion, but it IS also possible that this effect may be counteracted or even 
superseded by the effect of the increasing dielectric constant Vis 
cosity effects will enter, as will also other factors whose relative im 
portance can no more certainly be evaluated However, the following 
calculations are suggestive of the general character of the results 
Walker (1, 2) pointed out the fact that the rational formulation 
of the Ostwald dilution law results from expressing the mass action 
law for a weak electrolyte in terms of the conductances of the ions, 
and that it consequently cannot be expected to be applicable to an 
ampholyte He then proceeded to derive the expressions for the ion 
concentrations in an ampholyte solution, and we may do the same, 
using a slightly different terminology 
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If vre let 


J?'*' = the cation of the amphol^’te, 

R~ ~ the anion of the ampholyte, 

i?* = the undissoaated amphol> te (taken to be predominantly in the amtter 
ion form), 


(R-) (H-^) 
iR^) 

(R^) (H+) 


= jSTi = (classical aad dissoaation constant) 


= Ki ^ ht/he 


These etpressions assume that the activities may be taken as being 
numerically equal to the concentration If, then, we neglect the con- 
centration of OH", which will be very small in appreciable concen- 
trations of the aliphatic ammo acids under consideration, 

(H+) -t (i?+) - (iJ~) 

In all except ver}'- dilute solutions, the concentrations of and R~ 
W’lth respect to the total concentration of ammo acid may also be 
neglected, so that, 

(it*) = C 

WTicrc C = total concentration of ammo aad Solving for (H+), we 
obtain 


(H.) « « /C^ 

^ V 1 + c/:, 

which is equivalent to the expression derned by Walker when the 
concentration of OH" is neglected '\\Ticn we solve for the concen- 
trations of the amino acid ions and express the specific conductance 
in terms of these concentrations and the ionic conductances, there is 
obtained the expression 

_ r CKi (Aij. + A/.) 4- IKpCPKi A',"l 

{_ x/a:,a 4-CA',) J 

iTjfxn* **■ AfJ 2Ar CF!% iTi 


VCA'id -f C/j) 
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The dissociation constants of glycine are = 1 6SS X 10“'° and 
Ki = 224 at 25° (9) Using the data of McBain and Dawson (10) 
for the diffusion of glyane, the mobihty of the zwittcr ion is about 
40 7 which corresponds to a limiting ion conductance of 39 2 This 
agrees well with the limiting ion conductance of the acetate ion, tus , 
4087 (11) when the introduction of the — NHj group is considered, 
and the mobility of the glycme ion is taken to be the same as that of 
the zwitter ion In Table III, the values for the molar conductances 
calculated with the aid of these data are compared with the values 
obtained by direct measurement 


TABUE m 

Calculated and Determined ilotar Conductance* of Glycine and I Asparagine 


Coficentntxoa 

Glydae j 

1 }-Ajpuag{ne 

Ctkulated 

Octamliied 

Calculated 

Detenalsed 

mis/Iittf 





0 OS 

20 2 

18 

46 0 

46 1 

0 10 


19 

35 5 

40 0 

0 20 


19 4 

30 4 

37 0 

0 40 1 


19 0 



0 60 

15 4 

18 4 



0 80 1 

15 4 

18 1 




* All values given in Table are X 10’ 


For 7-asparagine, the limiting ion conductance of the ammo acid ion 
IS taken to be the same as that found for the aspartate ion (7), which 
IS 27 75 at 25° The dissociation constants used are 7Ci = 1 38 X 10'° 
and Ki = 148 (12) It will be seen that the agreement is satisfactory 
only in a qualitative way, and that the deviations with mcrcasing con- 
centrations are in the opposite direction from that which might be 
expected 

Proceeding m the converse manner, we may attempt to calculate 
the mobility of the vaUne ion using the constants ATi •= 2 4 X 10“’° and 
Ki ~ 209 (14), and the value of A, = 11 1 X 10“’ at 0 075 molar and 
25° In this way a value of 14 is obtained which is quite unsatisfactory 
when compared with the limiting conductances of valerate and cap 
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roate ions vhjch are given as 31 and 29^ respective!}^ This corre- 
sponds to a deviation from theory m the opposite direction from that 
which IS shown by glycine and asparagine 

In view of the influences which have already been mentioned as 
possibly being active in these solutions, it is too much to expect tliat 
any simple theory should suffice to predict the conductivities at these 
concentrations Furthermore, the difficulties involved in making the 
measurements preclude the possibility of attributing the disagreement 
betneen the predicted and the determined conductivity lvalues entirely 
to theoretical limitations In so far as the general problem of the con- 
ductivity of aliphatic monoamino-monocarbov^hc acids is concerned, 
It must be concluded that neither the conductivity of the salts nor of 
the free acids can be used in the calculation of mobilities In the case 
of the monoamino-monocarbovylic acids themselves, the conductivity 
values arc too low to be trustworthy, while in the case of their salts, 
too great a part of the current is carried by the hydrogen ion and amon, 
or hydroT}'! ion and cation 

In the case of certain other ammo acids, the situation is more satis- 
factory It has already been shown by Miyamoto and Schmidt (7) 
that the mobilities of the ions of the dicarboxylic ammo acids may be 
determined from the conductivity measurements of their salts They 
also point out that the dicarbo\}lic amino acids themselv'cs do not 
obey Ostv aid’s dilution law, although there is apparently an approach 
to a constant value in the very lowest concentrations Walker (1) 
has pointed out that, in the case of amphol}tcs which arc either pre- 
dominantlv basic or acidic, this is to be expected Ihc tendency of 
the dicarboxvhc ammo acids to obey the Ostwald law is apparently 
due to the predominating influence of the distal carboxyl group (though 
this IS actually the weaker carbox}! group) Wffiilc the dilution law 
IS still not strictl} applicable to these cases, measurements can be 
made in sufficiently dilute solutions so that a simplified theoretical 
formulation can be applied to the results and the conductivity data 
used in the calculation of the dissociation constants 

For the folio. \ mg considerations, it v ill be assumed that the zwittcr 
ion IS formed predommanth Ixtwtcn the ammo group and thecarbox}! 

1 j P Cnt'cal i Nc 1 1 lioo. Go , Inc , 1020 f 

C, -yU 
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group closest to it (17, 18) The expressions for the dissoaation of 
the dicarboxylic amino acids may be written in the following manner 

(Mr) (H+) „ 

(Rt) “ 

/NH? 

R- « -OQC—r( 

\:oo- 

(B±){H+) 

/NHJ- 

« HOOC— 

\cocr 

(IT) (H+) „ 

(Mr) 

yNBt 

R* = HOOC— 

\C00H 


While these eicpressions are not complete, they should be adequate 
for the present purpose It will also be assumed that the effect of the 
third dissociation may be neglected, and no attempt will be made to 
correct for activities or changes in mobihty in more concentrated 
solutions Under such conditions the following expressions are 
obtained 

+ (CK, + 1) (H+)> + -CK,-0 (1) 

” i + ir./(H+) + i:,(H+) ® 

where C is the total concentration of the amino acid 
Smce the conductance of these solutions is largely due to the hydro 
gen ions in the lower concentrations, a first approximation of the 
hydrogen ion concentration can be made by dividing the specific con- 
ductivity by the sum of the mobilities of the hydrogen and ammo acid 
ions (smce there will be at least one amino acid ion for each hydrogen 
ion), and multiplymg by 10’ If this value is then substituted in 
Equation 1 for the two lowest concentrations, the equations may be 
solved simultaneously for Ki and A Having a rough approximation 
of the value of the constants, the corresponding approximations for 
Jf* and A+ may be made At any concentration that part of the 
conductivity which is not due to the hydrogen ion and an equal con 
centration of R~, wiU be due to the concentration of present and 
an equal concentration of R~ If then, having the approximate \alue 
for the concentration of J?+, it is multiplied by the limiting conductance 
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value of this ion, the proper factor, and the resultant product is 
doubled, a correction to be subtracted from the experimental con- 
ductance IS obtained in order to make a second approximation of 
(H-*-) By such a senes of approximations it is finally possible to 
arrive at values for iTi and K» which give a satisfactory agreement 
with the conductivity data at lower concentrations 
In this manner the values iii = 4 45 X 10~® and K« = 115 were 
obtained for glutamic acid at 25®, and ivi = 1 24 X lO'^and A'l = 155 


TABLE rv 

The Ddcrmncd attd Calculated Specific Conductance of Aspartic and Glutamic Acid 


1 

ConccntraUoa 

Aspartic add 

Glutamic acid 

Specific conductance 

Specific conductance 

Calculated 

Delermined* 

Calculated 

Determined* 

nctt/liler 

nkat X 101 

rriai X /0> 

rtiat X 10^ 

nhpt X 10* 

0 0001 

2 40 , 

2 45 

1 SO 

1 78 

0 0002 

3 98 

3 94 

2 77 

2 76 

0 0005 

7 OS 

7 05 

4 69 

4 65 

0 001 

10 51 

10 67 

6 80 

6 (A 

0 002 

14 78 

15 61 

9 48 

9 46 

0 005 

i 23 5 

24 3 

15 2 

14 3 

0 01 

i 29 5 

1 32 7 

18 8 

18 9 

0 02 

3S 5 

43 4 

24 2 

25 1 


* Onl\ the data of Mx>*amoto and Schmidt have been considered m making 
these calculations, so that, ■while the values found are comparable with those 
■which have been calculated, an> error in the conducUvitj measurements 11111 
mtroduce a corresponding error in the values calculated for the dissociation 
constants 


for aspartic acid at the same temperature From the figures given 
in Table IV it will be seen that the agreement between the experi- 
mental and calculated values for the specific conductances of aspartic 
and glutamic acid is quite good in the lower concentrations and tint 
the deviation m higher concentrations is not greater than might 
rcasonablv be expected The accuracy of the values for A'l should be 
quite good, and ought not to dev late more than 5 per cent from the true 
constant The accuraev w ith which K; may be calculated is considtr- 
ablv less since its efiect is not so great as that of A',, particularl> in thf 
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lower concentrations where the results should be most dependable 
The values for K may be 20 per cent m error 
In Table V, the dissociation constants for the carboxyl groups of 
glutamic and asparbc acids, glycine, and asparagine (calculated in 
accordance with the zwitter ion hypothesis) are compared with the 
dissociation constants of glutaric, succinic, and acetic acids Itwill 
be seen that these constants are m accord with the supposition that the 
zwitter ion in the two dicarboxyhc ammo acids is formed with the 
carboxyl group proximal to the amino group, that the amide group in 
asparagme is on the distal carboxyl group, and that the effect of the 
ammo group on the dissociation of the carboxyl group m all three 


TABLE V 

The Actd Ihssoetalton Constants of Certain Substances 


Sabstaoce 

I 

^A, 

Relereoct 

Glycine 

4 47 X 10** 

— 1 

(« 

Acetic aad 

1 753 X 10-‘ 1 

— ! 

(11) 

Aspartic aod 

6 45 X 10-* 1 

1 24 X lO-* 1 

Present work 

Succinic aud 

6 3 X 10-» 

1 S X 10“* 

(19) 

Asparagine 

6 75 X 10-> 

— ! 

(12) 

Glutandc aad 

8 7 X 10-» 

4 45 X 10-* 1 

Present work 

Glutanc aad 

4 8 X 10-* 

3 2 X 10-* 1 

(19) 


cases IS of a comparable magnitude when the ammo group is in the 
alpha position, and decreases with mcreasing removal 
It must be recognized that the constants given above for aspartic 
and glutamic acid are not m good agreement with the values obtamed 
by electrometric titrations, though they are not less divergent than 
values which have been obtamed by different workers (13) Trom the 
above it follows that the apparent dissoaation constants of hydroxy 
glutamic aad and of the diamino-monocarboxyhc acids may be 
similarly obtamed from conductivity measurements 

Tile Conduclmty of Polasstunt Chloride tn the Presenee of Alanine 
An mteresting consequence of the conductivities obtained for the 
monoammo monocarboxyhc acids is the indication of conductivity 
measurements as a means of studying the contribution of the zwitter 
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ion to the ionic atmosphere By this method any complications due 
to effects of the electrolyte on the ammo acid are obviated because 
of the ver>’- small conductivity of the amino acid relative to that of a 
strong electrolyte 

Only a few such measurements have been made, but they serve to 
indicate the possibilities, and show quite definitely that alanine has no 
effect on the mobility of ions which is comparable to that of an 
electrolyte 

The equivalent conductances of several concentrations of KCl in 
0 05 M and 01 m alanine were determined and plotted against the 
square root of the KCl concentration in order to extrapolate to an 
infinitesimal KCl concentration KCl in 0 05 m urea was studied in 


TABLE VI 

The Conductance Ratios of KCl in Alanine and Urea Solutions Referred 

to Pure Water 


KQ m a solution of 


— ^ (IS*) 
>’H 0 

0 05 M Alanine 

0 995 

0 99 

0 05 u Urea 

1 00 

1 00 

0 10 M Alanine 

0 9S4 

0 9S 


the same manner In Table VI the ratios of these values for limiting 
equivalent conductances to that in ^vatcr at 25° arc given, together 
vitli the relatue fluidities at 1S°- 

It is readily seen that a change in the viscosity of the solution is 
in Itself enough to account for the greater part of the effect of alanine, 
and that there is no effect which is at all comparable to that of an 
electrolj te These results confirm those of Failcy (15) 

In a stud> of \arious tj^pes of diions, Simms (16) has indicated that 
the electrical bcha\ior of the diion will depend upon the separation 
of the charges, and that for the zvitter ion t>pe the bcha\aor where the 
separation i*; small should approach that of a neutral molecule This 
appears to be the situation in the case of alanine, and probably is also 
the case for the other alpha-ammo acids It should be of considerable 
interest to determine whether or not the separation of the chargcb m 
amino acids w here the distance betv cen the carbox> I and ammo groups 

*Interrauo''.2! Cnual Tab’s, Nc-^ Yo'’.., McG'ar- Hill Boot Co , Inc , 1929, 
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IS greater or m peptides ever becomes great enough so that there is a 
resultant external field 


SUMMARY 

1 The conductivities of aqueous solutions of glycme, valine, 
and I asparagine have been determined, and comparisons have been 
made with similar data reported in the literature 

2 On the basis of certain theoretical considerations, calculations 
of the expected conductivities of aqueous solutions of glycine, as 
paragme, aspartic acid, and glutamic acid have been made and these 
data have been compared with similar data obtained experimentally 

3 The dissociation constants of the carboxyl groups of aspartic 
acid and glutamic acid have been calculated from conductivity data 

4 It IS shown that alanine has no effect on the ionic atmosphere of 
solutions of potassium chloride 
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OSMOTIC RELATIONSHIPS IN THE HEN’S EGG AS 
DETERMINED BY RELATIVE VAPOR PRESSURES 


E« J M JOHUN 

{From the Department oj Biochemistry Vanderbilt University School of Medicine^ 
NashvilU) 

(Accepted for publication, June 2, 1934) 

The present paper contains data obtained by determining relative 
differences in the vapor pressures of the yolk and white of the hen's 
egg These data support previous conclusions that the yolk of the 
newly laid egg has a greater osmotic pressure than the white 

In a previous paper the writer (1) presented freezing pomt data 
which supported the conclusion that the yolk has the greater osmotic 
pressure These results are contrary to those of Howard (2) who by 
the use of the writer’s (3) freezmg pomt method found the osmotic 
pressure of yolk and white to be the same Howard’s variations were 
due to an altered technique in the use of this method That this 
altered techmque in the maimer of detenmmng the freezing pomt of a 
highly VISCOUS substance such as egg yolk gives freezmg pomt values 
which are too high was shown by the data of the writer’s (1) previous 
paper 

Some of the freezmg point detenmnations have since been repeated 
and it was found as before that if vigorous stirrmg, during the freezing 
pomt detenmnations, such as Howard insists upon, is interrupted, the 
temperature recorded by the thermometer drops immediately and at a 
faster rate than could be brought about by the abstraction of heat by 
the coohng bath This sudden temperature drop can only be due to 
the fact that the thermometer becomes heated by the stirring (which is 
carried out by means of the thermometer) and records a temperature 
which IS higher than that of the egg >olk not in immediate contact 
with It. If upon reachmg the type of temperature plateau which 
Howard (2) descnbes, the temperature of the cooling bath is rapidly 
raised above that of the yolk, the thermometer will still record a drop 
m temperature when vigorous stirring is interrupted 
431 



4S2 


OSMOTIC RELATIONSHIPS IN HEN’s EGG 


Vapor pressure data published by Howard (2) also indicate that the 
osmotic pressures of yolk and white are the same Baldes (4) has 
recently reconfirmed the existence of a difference in vapor pressure 
between yolk and white and has shown that there is a gradient of 
osmotic pressure in the yolk from low near the surface to high inside 
In the present experiments yolk and white were exposed to the same 
atmosphere and allowed to progress toward an isosmotic state by the 
distillation of water from one to the other, with the use of air as the 
mtervenmg "membrane ” 



Experimental Technique 

.Alter a senes of preliminarj expenments v.jth vanous t>'pcs of apparatus at 
\ anous temperatures the following apparatus and technique w ere adopted The 
apparatus consisted of tvo glass tubes, A and B, illustrated in Fig 1 Each of 
these tubes had a capaat\ of about 60 ml Tube /I was charged v ith egg white 
and B with \olk. After chargmg, the tubes were connected at ac and bd with 
hcav> vailed pressure tubing and the jomts tightl> wrapped with rubber bandi 
To a* 0 d contact with a ater the% were then mounted and scaled within a 1 liter 
glass jar which m turn was placed into a 300 liter constant temperature vater 
bath The lempemture of the bath was Icpt at 50’ and fluctuated but a few 
hu'’d'cdlh 5 of a degree Tlic constriction in the centre of the tube A v as such 
that when the tubes wem roclcd bad. and forth, egg white vould fio v from one 
compartr^ent of 1 to the oths' a-d bad. again, v hile the air, i ith v hich the >oU 
a^d wh tc V cm in co"tact, ' as fo'ced to To- bad a^d fo-th through the tube B 
Tris rocf rg r'otnn rot 1 ept th" Iiqj ds in both tubes " c!I stned but brought 
t’'e*ar abo e m into alternam co-tact ith tie I quu's m Loth tub/^ rrdthus 
fo'cr^ mte' to r-’ni the 1 qu.d - i*h a bvf' o.-o‘!C p'C"ure to that - ith a 
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higher one. Rocking was continued at SO for about 90 hours in each expen 
ment The same precautions were used in the preparation of yolk and white as 
previously described (1) 


EXPERIUENTAI. EESTJLTS 

The data of Table I were obtained with unfertilized eggs 
In Experiments 1-4 the osmotic concentrations of yolk and white 
were left in their natural state In Experiments S and 6 sufficient 
sodium chloride was added to the white to raise its osmotic pressure 


TABLE I 


No, 

Miterl&l 



1 

j 

Yolk ' 

13 319 

fB*. 

4*0 029 


White 

16 360 

-0 035 

2 

Yolk ! 

13 347 

+0 030 


White 

16 359 

-0 040 

3 ’ 

Yolk 

12 870 

4-0 019 


■White 

16 251 

-0 031 

4 

Yolk 

14 632 

4-0 034 


White 

17 985 

-0 042 

5 

Yolk 

13 190 

-0 038 


White + 0 4 gm NaCI per 100 cc 

19 396 

4-0 028 

6 

Yolk 

13 318 

-0 030 


White + 0 4 gm NaG per 100 cc 

18 905 


7 

Yolk 

13 409 

1 4-0 023 


White 4* 0 12 gm NaG per 100 cc 

17 911 


8 

Yolk 

13 475 



White 4* 0 12 gm NaG per 100 cc 

1 21 066 



above that of the yolk by as much as that of the yolk is naturally 
above ihat of the white In Experiments 1-4 water distilled from 
white to yolk while m Experiments S-6 water distilled from yolk to 
white In Experiments 7-8 suffiaent salt was added to the white to 
lower Its freezing point by one half the difference naturally existmg 
between yolk and white In this case, too, water distilled from white 
to yolk ‘ 

r That the loss m weight of water on one side is greater than the gam on the 
other IS evidently due to the loss of water from the tubes because of the pressure 
developed when they were brought to the temperature of the bath A negative 
presrore was always found to exist withm the tubes when, after on experiment, 
they were brought back to room temperature 
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Freezing point determinations were made before and after heating 
yolk and white to 50® for 90 hours and were found not to have been 
appreciably altered by this period of incubation 

DISCUSSION 

"WTiile these data, because of the nature of these experiments, do not 
give the exact osmotic pressures of egg yolk and egg white, they do 
show definitely that the osmotic pressure of egg yolk is greater. No 
other explanation can be given for the fact that water continued to 
distill from white to yolk when a considerable amount of salt had been 
added to the nhite It would appear, therefore, that Howard’s 
recent claim (5) that freezing point data previously reported were 
“erroneously” obtained is unjustified, and that How’ard’s modification 
of the writer’s freezing point method requires further consideration 
before it can be accepted 


CONCLUSION 

It has been shown by a comparison of the relative vapor pressures 
of egg }oIk and egg white before and after the addition of sodium 
chloride to the white that the osmotic pressure of the yolk is greater 
than that of the white 
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FREEZING POINTS OF ANTI COAGULANT SALT SOLUTIONS 

By DAVID I HITCHCOCK: «n> RUTH B DOUGAN 
{Frcm the Laboratory of Physiology^ Yale University School of Medxcine, 'New Eaxeri) 
(Accepted for publication, June 20, 1934) 

In connection with the work of Ferguson (1) on the coagulation of 
blood, It was desirable to know the concentrations of solutions of the 
commonly used anti-coagulant salts, sodium citrate, oxalate, and 
fluoride, which possessed the same osmotic pressure as mammahan 
blood plasma or serum Smce freezing point data are given only for 
the fluonde m the International Critical Tables (2), we undertook 
to determine the freezmg points of aqueous solutions of pure samples 
of these three salts in the range of physiological interest 

MaUnals 

The sodium atrate was a high grade analyzed salt labelled 2 NajCeHtOr 11 
HjO, hut was found to contam less than the theoretical amount of water It was 
not possible to attam constant weight on drying either the crystals, or the residue 
obtained on evaporating a solution at 150® or 180®C, ConcentiaUons were 
finally determined by evaporating 10 ml samples in porcelain crucibles at 110 
and converting the atrate to sodium sulfate by the method used by Foote and 
Schairer (3) m the determination of sodium fluoride * This is on indirect analysis 
for sodium. Our soluUons of sodium atrate had a pH of about 9 0, a value at 
which the titration curve of Hastings and Van Slyke (4) indicates exact cquiva 
lence of sodium and atrate Accordmgl> this salt was not further purified 

The sodium oxalate was an analyzed sample marked “Special, for standardizmg 
according to Sjirensen ’’ It lost less than 0 1 per cent m weight on drying at 110 C 
The purity of the dned samples was confirmed withm 1 part m 1000 by titration 
with a potassium permanganate solution, 0 01442 u which had been standardized 
against a high grade imported sample of ozahe aad The concentrations of 
sodium oxalate in the freezmg pomt cxpenmcnls were determined by titrating 
10 ml samples with this potassium permanganate solution 

The sodium fluonde, according to the label, contamed 0 5 per cent of free aad 
and 0 2 per cent of sodium fluosflicate. It was purified by neutralizing a saturated 

^ The authors are grateful to Professor Harry W Foote for his kindness In 
teaching them the technique of this useful analytical method 
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solution to phenol red vrith carbonatc-frcc sodium hydroxide, and filtcrmg to 
rcnio\c fiuosilicatc The fluonde iras rccrj'stallizcd bj adding an equal \olumc 
of alcohol, heating almost to boilmg, and coolmg to about 2°C The crjstals 
v.cre filtered off, air-dned, ground m a mortar, and dned at 110°C The purified 
product was tested by com ersion to sodium sulfate m platinum dishes according 
to Foote and Schairer (3) Four analj ses agreed withm 0 07 per cent, with an 
average deviation from the mean of 0 02 per cent The average ratio of sulfate 
found to fluonde taken was 0 18 per cent loner than the theoretical This result 
might mdicate the presence of 0 18 per cent of an impuntj volatile under the 
Eulfunc aad treatment, or possibly as much as 0 33 per cent of sodium fluosihcate 
The concentrations of the solutions m the freezing pomt experiments nerc deter- 
mmed by evaporatmg 20 ml samples and diymg to constant weight at llO'C 
Sodium chlonde of a high grade analj zed brand w as used m testmg the freezing 
pomt techmque No analyses were made other than dr> weight determinations, 
but the results of the freezmg pomt measurements showed that the salt was 
sufiiaentlj pure 


Method 

The freezmg pomts were determmed by a method similar to that of Stadic and 
Sunderman (5), except that larger amounts of solution were used and the concen- 
trations w ere determined bj analj sis or dry w eight Temperature w as measured 
bv a Hcidcnham mercurj thermometer with a fixed zero pomt and scale graduated 
in hundredths of a degree Centigrade It could be read to the nearest thousandth 
with a magmfvnng glass The freezing pomt vessel was a pint v'acuum bottle 
w ithout a case It w as kept maw clI stirred, electrically controlled and refriger- 
ated bath containing water and alcohol at — 0 SO^C ±001° The bottle was filled 
to about one fourth of its capacit> with crushed icc made from distilled water 
Tin'S, together with about 50 ml of water or solution, was sufficient to cover the 
bulb and 2 or 3 cm of the stem of the thermometer The zero point of the ther- 
mometer vas rcpcatcdU determmed with icc and distilled v\atcr, and remained 
constant i.ithin 0 001°C The mixture was gentl> stirred b\ lifting a glass ring 
slirrc' p few tirrcs just before each reading was taken Readings were made at 
5 nmute intervals, and the temperature vas considered constant i.hen three or 
fo ir 5 'jch readmes agreed to 0 001 °C For the determinations v ith salt solutions, 
the 1 atcr w ■•s 'iphorcd off and replaced b\ about 50 ml of solution After thor- 
ough mixm" of the icc and solution, the bottle \ as chmpcd m the bath and a dr> 
P’jie'te fo' t'l mg the sample was msc’tcd Readings v cre tal cn as before until 
cen-mrev of tc'"pe’-’*urc s vs attained A sanp’c «;hghth greater than the 
mca'j'c'l 1 as then remo cfi and 1 cpt m a clo'ctl bottle The mix- 
ture m V'e f’-eezmg pom* ve-^cl s as dilute'! bv addmg a h’tle dnOllcd v ater, 
a** ' a'tv' t^'cmugn r^mmg readme’^ ’-c-c lalcn a* h‘Jo'c This froccdt-rc v as 
to ob a'-' hccz'-z po "*s o*’ -'O'c d Ltc 'oLtm'-' In some ca<es the 
c-de' c'' tie de‘t**"’"a* ' as re- b. a/idirg small a~'^-rls of a r-o'c 
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concentrated salt solution to a more ddutc mixture It was possible to check the 
zero pomt with the same ice which had been used for solutions^ after washmg it 
repeatedly m the bottle with cold distilled water After the samples had reached 
20 C , exactly 10 or 20 ml were transferred by standardized pipettes to other ves- 
sels for the determination of the concentrations by the methods already described 

RESULTS 

The results are presented in Fig 1, in which the freezing pomt 
depressions, A, m Centigrade degrees, arc plotted agamst the salt 
concentrations, C, m moles per liter of solution at 20°C The points 
for each salt, in the range investigated, may be seen to fall close to a 
straight line The hnes were drawn on a large scale plot so as to make 
the positive and negative deviations nearly equal The average 
deviations of the points from the hnes are ±0 002“C The equations 
of these Imes are as follows 

Sodium citrate A = 0 053 -h 4 67 C 
Sodium oxalate A =■ 0 022 + 4 23 C 
Sodium chlonde A " 0 004 + 3 415 C 
Sodium fluonde A — 0 002 + 3 39 C 

In the case of sodium citrate, the concentrations refer to moles of 
the tri sodium salt, NajCJItOr, and not to the doubled mole some 
times used in formulas for the hydrated salt The open circles on or 
near the citrate line represent solutions of sodium citrate m water at 
their natural pH value, about 9 0 The half inked circles represent 
solutions of sodium citrate brought to pH 7 4 by the addition of very 
dilute hydrochloric acid Within the limits of this method, there is 
no difference in freezing point due to the change in pH The curve of 
Hastmgs and Van Slyke (4) indicates that citric acid is about 99 3 
per cent neutralized at pH 7 4 

The solutions of the other salts were nearly neutral and had no 
appreciable buffer value No attempt was made to adjust their pH 
values 

The half inked circles near the sodium chloride line represent our 
detemnnations, and the line was drawn to represent these points 
The fully inked circles represent determinations by Scatchard and 
Prentiss (6), who used a far more accurate method We have re 
calculated their molal concentrations to moles per liter of solution at 



4SS 


PREEZING POINTS OF S\LT SOLUTIONS 


20° The fact that their points lie only 0 001 or 0 002°C away from 
our line gives a measure of the reliabihty of our results 



I ir 1 Frcc-’mc po^nt dcp'e-cions of aqueous solutions of sodium salts plotted 
•’pamst concentration 

A “ frceairp pomt dep'cs' on, 

C “ concentration, mo’es salt pc'- htc' solution at 2n’C 
O “ sod' am ernate at pH 9 0 sodium oxalate, sodium fluondc 
C srHl urn citrate •’t pH 7 4, sodum chloride 
• c c^'o^’i'e, fro’-’ hca’chard and Prcntias 

Di?ci.'=SIO' 

lit r '■tn fnr sodium iluorid, m th International f ntir il 

? "I b'’S'. i O'* d le'irrat’on', b2 Petc-b IIi-. points fo' 
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n/8 and n/6 sodium fluoride solutions fall about 0 02S°C above our 
Ime Smce he used the Beckmann method, and gave no analysis of 
his salt, we beheve our data to be more reliable 
Rous and Turner (8) reported that a 3 8 per cent solution of sodium 
citrate had the same freezing point as a 0 95 per cent sodium chloride 
solution Leendertz and Gromelski (9) stated that a 1 55 per cent 
solution of sodium oxalate was isotomc with blood, as was a 3 55 
per cent sodium citrate solution (A = 0 56°C ) 

For purposes of comparison, the equations given above have been 
used to calculate the concentrations of the several salts which freeze 
at —0 56°C , accordmg to our data The concentrations are as 
follows 

Sodium chloride 0 1628 M, or 0 952 gm per 100 ml 
Sodium fluonde, 0 1646 ii or 0 691 gm. per 100 ml 
Sodium oxalate, 0 1272 u, or 1 704 gm per 100 ml 
Sodium atrate, 0 1086 M, or 3 877 gm. of the higher hydrate NaiCiHiOi 
SJ HiO, per 100 ml 

It IS to be emphasized that these concentrations are not given as 
those of solutions isotonic with average blood samples, but merely as 
those of solutions freezing at — 056®C Our equations make it 
possible to prepare solutions having a freezing point identical, within 
0 002°C , with that of any biological fluid, provided that the freezing 
pomt of the latter is accurately known and falls within the range 
studied Freezing points of biological fluids may be determined by the 
method of Stadie and Sunderman (5) 

SHiOIARY 

By a method involving equdibration of ice and solution, and analysis 
of the solution, freezmg point depressions of solutions of sodium 
citrate, oxalate, and fluoride have been determined over the range 
A = 0 45 to 0 6S°C Determinations with sodium chloride solutions 
have confirmed the accuracy of the method In each case the freezing 
point depression is given, within 0 002°C , as a linear function of the 
concentration By the use of these linear equations it is possible 
to prepare a solution of any of these four salts isotonic n ith a given 
biological fluid of known freezing point, proaided the latter falls 
withm the range studied 
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TEMPERATURE CHARACTERISTICS FOR HEART BEAT 
FREQUENCY IN MICE 

BvW J CROZIER G MNCUS, AND B RENSHAW 

(From Ike Laboralory oj General Phystotogy, Harvard Vnmrsily, Cambridge) 
(Accepted for pubbeabon, June 28, 1934) 

I 

In developing a conception of the probably diverse quantitative 
relationships between frequencies or speeds of vital processes and tem 
perature in the same or in very similar orgamsms, studies have been 
made of the frequencies of breathing movements in inbred strams of 
mice and in their hybrid offspring (Stier and Pincus, 1928-29, Pincus, 
1930-31) The genetic relationships are important as providmg a 
means of testing the defimte character of the temperature constants 
obtained, and are also sigmficant for purposes of genetic analysis 
(cf Crozier and Pmeus, 1928-29, 1929-30 a, b) We undertook to 
establish lor one of the strains of mice used in previous experiments, 
the Bagg Little mbred albino stram, the relationship between fre- 
quency oi heart beat and temperature ol the organism, as a /oundation 
for further expenments This is the strain of mice also used by Stier 
(1930, 1933) m expenments concemmg “spontaneous activity” and by 
Pincus, Sterne, and Enzmann (1933) in observations on the develop 
ment of thermal regulation 

The individuals used for the present observations varied in age from 
0 S to 6 days, they were of the 48th to 51st generation of brother by 
sister mating 


n 

Over the range of external temperatures IS to 35° the internal tern 
perature of mice of the ages used in these observations is always above 
that of the surroundmgs by an amount varymg from 0 1° to more than 
2°, the difference in temperature being a function of the internal tem 
perature The results indicate that the difference m temperature 
491 
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between mouse and surroundings does not play a significant part in 
determining the shape of the heart beat frequency curv^e 

The experimental procedure was as follows A mouse nas taped back doirn 
upon a wooden substratum m a glass chamber v.hich was mounted upon a brass 
base The whole V as submerged m a Mater thermostat Air was passed through 
the chamber after bemg drawn through water bottles and a length} coil of copper 
tub»ng m the thermostat to moisten it and brmg it to the temperature of the water 
bath One junction of a coppcr-constantan thermocouple, earned in a fine glass 
capillar} , was inserted mto the rectum of the mouse, the other (reference) junction 
was placed between brass blocks ^ meb thick at the bottom of the chamber The 
thermocouple leads were connected to a arcuit m\ol\mg a Leeds and Northrop 
T}-pc “R” gal%-anomcter, a differential photocell, and a Leeds and Northrup 
rccordmg potentiometer ' In this wa} the arcuit m the ongmal recording poten- 
tiometer was so modified that the ongmal full scale sensiti\nt} (10 inches for 5 m\ ) 
was mcrcased so much that 0 5“ difference in the temperatures of the junctions 
of a s’ngle coppcr-constantan couple could be made to record a maximum scale 
deflection In the present obscn.’ations, howexer, the scnsitivit} was such that 
1 inch defection was cquu-alent to 0473°C The deflection should be ncarK 
p-oportional to the temperature difference between the junctions of the thermo- 
cojp’c and this was found true wnthin the cxpcnmcnlal error involxcd in calibrat- 
ing the thcTTocouplc oxer the range of temperature difference 0 to I 5° bx means 
of standard thermometers It was nccessarj to pbcc the reference junction 
bc-tv cen brass blocks scrxmg as a thermal conductor holding the junction at the 
mean tenperature of the tank, without the blocks, c}chc fluctuations correspond 
irg to the heating and cooling of the lank appeared m the curve dravn bx the 
rccordc', c ea though x-arations m tank temperature were not usuallx detectable 
with the standard thermometer immersed in the tanl The thermostat used Ins 
been dc-c^cd bx Slier and Crozicr (1952-33) The difference betx cen the 
tc^pemture of the rectum of the mouse and the thermostat tank could be dctcr- 
mmed " ith g*catc' p'ccs.on than the tcmpemlurc of the tank it'^elf could be 
-'ca'-'cd bx a *:ta’'dard Ihcmromctcr (graduated in 0 10, read to OOP) The 
ir'cmat tc'^pc'^ture of Pc mou^c x as the sum of the tan’ temperature •’nd the 
-r'C'”C''t The romaal fuctuations of the mouse rectal temperature 
P’obrb’ mtroUuCx'd mo'c u''cc’’t-’nl. as to the actual temperature of the r’ou-c 
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over aa interval of tune than did errors m cither of its two eipemnentally deter 
mined romponents. The heart was assumed to be at the temperature of the 
rectum Effort was made to determine whether appreciable temperature differ 
ences occur between various parts of the mouse, notably between the heart and 
rectum One junction of the thermocouple encased m a capDlary, was inserted 
mto the rectum. The other was placed m a broken-off hypodermic needle which 
was driven mto the region of the heart and withdrawn around the wires leaving 
the junction m or near the heart A drop of collodion prevented the thermocouple 
leads from working out of the body of the mouse While it must be understood 
that the measurements were attended by considerable possibihties for error, the 
maximum difference found was 0 3®, and the average was only about half of this, 
the heart temperature being higher Three of the determinations were made at 
an environmental temperature of about 23 to 24®, one at about 16® The mice 
were about a week old One determination between the rectum and the brain 
mdicated a small temperature difference It is probable that the temperature 
difference between heart and rectum (in mice of the ages used) is not over 0 1®, 
this difference would not affect the subsequent treatment 

The clectncal changes accompanying heart beat were led off by platinum 
wires inserted under the loose skm of the chest and rump to the mput of a 4-stage^ 
resistance-coupled amplifier * The amplified changes passed to a loud speaker 
or head phones, and by way of a matching transformer to a string osdUograph 
(General Radio Company, Type 338-L) By the use of a rotating mirror and 
sCTeen the deflections of the string could be observed, or by a camera attachment 
they could be photographed at wQl The amphtude of the deflections decreased 
with fallmg temperature, the lower working limit for detectable electrical dis- 
turbances was at about 15®C 

Over the lower portion of the temperature range investigated (15 to 26®C 
mouse temperature) the film records were frequently supplemented by a number 
of readings with a stop-watch graduated m 0 01 second Above 26®C , the beat 
rate became too rapid for accurate counting and film records only were used A 
procedure frequently employed was to take five sections of film, each lasting 
several seconds at approximately 30 second mtervals over a penod of 2 minutes 

A timmg mechanism (Telechron motor) marked ^ second mteni’als on the film 
An mtegral number of beats were counted- At worst, the position of each beat 
could be detennmed on the record to witHn plus or minus 0 02 second so that, 
considenng a number of beats occupying a length of film equivalent to about 
4 seconds, the manmum error m the determination of the average rate over the 
mterval would be at most 1 per cent assuming ncghgible variation m the 60 cycle 
A c. supply This IS smaller than the variation which was found to occur, e\ cn 
over such short mtervals that httle change of rate could have been caused by 


* We are under obhgation to Dr Morgan Upton for his kind assistance m the 
construction of this amplifier 
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slight, normal \ anations in the internal temperature of the mouse At an\ tem- 
perature the %-anation in rate o\er a period of sc\cra] minutes, though smaller 
than found m mam cases for rate of heart beat and other \ntal processes m \anous 
organisms, amounted to about 5 per cent of the mean The range of \ariation 
at an} temperature was roughly a constant fraction of the mean, although not 
enough data were taken at each temperature to warrant statistical anahsis (cf 
Crozier, 1929) 

The young mice were generally active at the end of an experimental 
run of 12 to 18 hours’ duration Only a very few died during the 
course of the observ ations, and these deaths may have been caused by 
the piercing of the rectum by the capillary containing the thermocouple 
junction In the few cases vhere a "hysteresis effect” was observed 
in the frequency of heart beat, the change was more often an increase 
than a decrease 

No clear-cut change was observed in frequency of heart beat when 
the mouse became active in a C 3 cle of “spontaneous movements.” 

At any constant temperature the frequency of heart beat increases 
with weight (age) of the mouse The relationship between frequency 
of heart beat and weight is approximately parabolic There is no 
change, however, in relation of frequency to temperature within the 
range of weights involved 

As we have found in a number of other cases (cf Pincus, 1930-31), 
the frcquenc} at the first temperature to whidi the mouse is adjusted 
1 *^ gcncralh' far off the smooth curve connecting the points taken sub- 
sequent!} This IS true even when adequate time is allowed for ther- 
mal equilibration Generally the frequency is too low, and it shows a 
drift for several hours, if the temperature be changed during this 
time, the frequency of heart beat at the second or any following tem- 
perature to which the animal is subjected docs not exhibit this drift 

'Ihc precise relationship between frcqucnc} and temperature is 
independent of the order of temperature changes, as was demonstrated 
b\ the tal mg of one or more check points in each experiment 

III 

Data irom fourteen =ets of ob-ervations v,ith different voting mice 
of the inbred albino ‘Strain a^e summarized in I le 1 In this hgere it 
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IS intended to compare the slopes of the lines draw n through the ohst r- 
\ations in terms of the Arrhenius equation, 


In frequern 


JL. 

RT 


4- constant 


The sexeral sets of obser\ations have therefore been brought together 
In considering that the data in each senes may be multiplied In an 
arbitrar} constant so adjusted that the rcspcctnc cur\cs coincide at 
25° There are apparent two critical temperatures, where the slope 
constant fi changes rather abrupth , one of these is located at slighth 
higher than 20°, the other at 27° 

The lalues of fJ- (Fig 1) arc 22,400— from 15 to 20°+. 16 000+ 
from 20-f to 27°. and 11,000± from 27 to 35°+ 'I he apparent 
greater scatter of the obseiwations o\cr the upper and lower tempera- 
ture ranges is parth, at least spurious, since the indnidual cur\cs 
were brought together in the middle, and there is some diffennce in 
the exact location of the critical temperatures 'Ihe breaks in the 
curxes occur at temperatures which haxe frequenth been found as 
critical (ef Crorier 1925-26 u 6) It is interesting to note that for 
this s.ame strain of mice 20° — was found to be a critical temperatun 
for ircqutncx of re^^piratory moxements, the \aluesof ji for respirator} 
moxemints were howexer. 14 000±: calories aboxe 20° and U.000d= 
(or 14 000—1 calorics below 20° tPincus, 1910-31) 'ihis indicates 
that in the-e mice the organism docs not determine a uniform tem- 
perature characteristic lor all processes (see aFo Stier and Wolf, 
1952- rv 

Ihe-e experiments indicate that the \rrheniusequation iKtldsforllu 
temfierature relations of heart beat frequencx in intact mammalian 
hearts as Ins alread} been shown for isolated hearts (Cro/ier, 192S 
2o5 Ii Is rather remarkable that oxer anx gixtn temperature range 
the xalut of M is the s-enie from mou'e to mouse Ihe fact that we 
are dealing v- uh a highlx inbreel strain of mice ineiie ite> a i)f)^sih!( 
genetic In-i-. lo" till- uniiormitx ft n luijKfl that the jireijier e \p' n 
nunts with other -tn'-in- oi mice vil! iliieuiate thi- {nirit 
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heart beat frequency is related to body temperature the values of the 
temperature characteristic for the mbred albino strain used are 
22,400— calones over the range IS to 20°+, 16,000± calories from 
20+ to 27°, and 11,000± calories from 27 to 35°+ 
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NATURE OF THE ACTION CURRENT IN NITELLA 
III Some ADDmoNAi Features 

Bx W J V OSTERHODT and S E HILL 
(From Ihc Laioralorta of The Rockefeller ItisMulefor Medical Research) 
(Accepted for publication, May 25, 1954) 

This paper describes certain forms of the action current which might 
be eiqilained by assuming that the outer protoplasmic surface shows 
no rapid electrical change 

The records (made as previously described') are m all cases mono 
phasic The cells were arranged as shown in Figs 1 and 2 AVhen 
the common contact, F, was not killed, simultaneous records of C, D, 
and E showed that the common contact was qmescent and made no 
contribution to the recorded changes in pd No electrical or me- 
chanical stimulus was applied, though in some cases the solutions used 
may have acted as chemical stimuli (care was taken to avoid any 
disturbance due to evaporation) 

Let us now consider some of the records The upward movement 
in Fig 3 IS due to a partial loss of the P n across the protoplasm 
This appears to consist of two separate’ p d ’s, one at Y and another 
at X (Fig 4) We suppose that in the usual form of negative vari- 
ation both of these disappear when the action current flows outward 
This produces a rapid electrical change in X (and makes a second 
peak m the action curve) as K+ sweeps across the protoplasm’ and 
out through X to the cellulose wall in which its lengthwise flow 
chiefly occurs (Fig 5o) 

When the non aqueous layer W offers less resistance (owing to its 

1 Hill S E and Osterhout, W J V / Gen Physiol 1934-35, 18, 377 

’ Except m Eig 14 these records were continuous as shown in prewous papers 
(Osterhout, W J V , and Hill, S E,7 Gen P/iynel , 1930-31 14,473,611) 

In order to save space the record of oidy one ofthesespotsisgivenineachcase. 

* The F D s at y and at X appear to depend chiefly on the difference m the 
concentration of K.+ on their opposite sides In addition organic substances in 
W may play a part 

‘C/ Osterhout, W f V ,J Gen HAjnoI , 1934-35, 18, 215 
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thickness or content of electroljte) or -nhen^ A' or the cell rvall is more 
resistant so that the lengthwise flow of the outgoing current occurs 
chief]} in ir (Fig 5 b) instead of m the cellulose wall, no rapid electrical 



H 2 Eerv-^ 


Tie I Arrangement for testing cells GGG represent string gaI\anom- 
cters (three strings inserted in the single magnetic field of a Titic A Cambridge 
string gaUmnometer) ■nith \-acuum tube amplifiers, arranged as short period volt- 
meters Absorbent cotton, moistened with the contact solution, connects the 
cells to saturated calomel electrodes 
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Under these conditions ^^e should expect onl} one peak m the action 
cur\ e because too little K'*’ w ould reach \ to make a second peak ^s 
the outward mo\cment of would be relatively small its backward 
movement might be correspondingly quick so that recovery would be 
rapid Both of these expectations are realized as shown in Fig 3 



Fig ^ Photographic record of expenment arranged as in Fig 1 emplojnng 
contacts C and F onh F was killed with CHCls before the record started togi\e 
monophasic response C was m contact with 0 001 m KCl The ccU had been 
kept for 9 da>s m tap water The vertical lines are o seconds apart Tempera 
ture about 21®C R represents the complete restmg state 

The action cun.e does not go to zero it has a single peak and rapid recovers 
This would be expected if the curve were due to loss of p p at 1 (Fig 4) leaving 
intact the p d at \ There is some after posilivitv 

to carr> it across 11 Hence the lengthwise current would lend to flow more m 
the inner than m the outer portion of H 

^ This would also be true if K reached \ and its mobihtv in \ were low but m 
that case the resistance of \ would be correspondmgh high (r/ footnote 4) 
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In this case the curve does not go to zero This is to be expected 
if the protoplasm is in the condition shown m Fig 4, for the upward 
movement will cease as soon as the p d across F disappears after which 
there remains^ the p n of X As the latter is presumably variable the 
behavior of the action curve would be expected to correspond and this 


zz 


sap 

2ZZZ2ZZZZZY 


Z 


V 

z&zzzzzzzzzzx, 


protoplasm 
cellulose wall 


Fig 4 Hypothetical diagram to show the p d in the protoplasm The arrows 
show the direction m which the positive current tends to flow It will be noted 
that lengthening either arrow would cause the action curve to move downward, 
1 e , m the direction of the arrow The length of the arrow is supposed to depend 
largely on the concentration gradient of K+ across the layer 
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Fig 5 a Fig 5 b 

Fig 5 a Hypothetical diagram to show the flow of the action current under 
ordinarj conditions 

Fig 5b Hypothetical diagram to show the course of the action current when 
Its outgoing lengthwise flow is largely confined to the protoplasm This may be 
due to greater thickness or greater electrolyte content of W or to increased resist- 
ance of A' or of the cellulose wall 

expectation is fully borne out by observation as the amount by which 
the curve falls short of zero is quite variable Occasionally a single 
peaked curve reaches zero m which case we suppose that there is prac- 
tically no P D across X This is especially common in Chara ^ 

® The p D of A' apparentl> depends largely on the concentration of K+ in IF 
as compared with that m the external solution, but it may depend also on organic 
substances in TI' C/ Osterhout, W J V , Ergebn Physiol , 1933, 36, 1014 
» In Chara (cf footnote 4) the mobility of K-^ in AT appears to be no greater 
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It ina> be added that, as previously explained,"* the loss of p d ap 
pears to depend m part on an increase of permeability m Y and if this 
took the form of an actual breakdown (partial or complete) of Y it 
might produce a loss of P d e\en if little or no movement of K.+ took 
place but such a breakdowm would undoubtedly facilitate the outw ard 
movement of potassium across Y 
Let us now consider a phenomenon which is observed occasional!} 
in connection with normal action currents but is more common with 



Fig 6 Photographic record of an expenment arranged as m Fig 1 emploMng 
contacts C and F only F was killed with CHCb before the expenment started to 
give monophasic recording at C C w-asm contact wth Solution A (c/ Osterhout 
W J V and Hill S E / Gcit Physiol 1933-34, 17, 87) m which the cell had 
been kept for 10 days The yertical lines are 5 seconds apart Temperature 
about 20 R represents the complete resting state 
For explanation see Fig 7 

the form of action current just discussed This is the production of 
a senes of action currents without complete reco\cr\ An example 
IS seen*® m Fig 6 

than that of hence the resistance of \ is corrcspondingl> great and the \ 
arrow is probably small 

The suspicion that any part of an> of the curyes shoyvn in tins paper ma> be 
instrumental m origin can be ruled out complete!} hen instrumental disturb 
ances occur they are entirely different m character being much more rapid less 
regular and of smaller ampbtude 
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In Fig 6 the first upward movement is presumabh* produced by 
K+ moving from the sap to tlie outer surface of T thereby reducin 
the p D of r to zero and causing the F arrow to disappear The A 
arrow is supposed to suffer little alteration because little is earned 
across TF to A’ and the curve does not go to zero because after the F 
arrov has disappeared the A’ arrow remains and the distance betn een 
zero and the curve at tlie end of any upv ard movement measures the 



Fig 7 H\pothetical diagram to show the pd across X (\ arrow) and across 
y {¥ arrow) these p d ’ s are presumabh due to the potassium gradient across V 
and r Ate suppose that the A* and F arrows ma\ \’ar\ independentJ\ because 
need not be umformh distributed across If 

At hen the first V arrow has disappeared we suppose that the first upward mo\ e- 
ment has come to a stop this applies m all cases, including the last arrow which 
IS \er\ short in agreement with this the last upward mo\ement is \er\ small 
The r arrow is in all cases regarded as equal to the next upw ard mo\ ement of the 
cur\ e The last .V arrow is longer than those w hicli precede it presumabh because 
the K* gradient across .Y has increased (the T arrow is shorter because the 
gradient across V has decreased) 

The complete resting state is denoted b\ R (after the second and third upward 
moxements the curxe goes to an incomplete resting state) 

length ot the A’ arrow at that time The length of the F arrow is 
gixen b\ the extent ot the upward mox ement (assuming that the F 
arrow disappears entire!} as is most probable^) 

After the second action current in Fig 6 recox er\ is incomplete ” 

" This recalls the tetanization of muscle and ner^ e The incomplete resting 
state can persist in Xitclla after action currents ha\e ceased as shown in Fig" 

9 12 and 13 It should be remembered that in these cases no intentional stimulus 
was applied and under the conditions of the experiment loss of water at an\ point 
could not be responsible for the result 
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We interpret this to mean that not all of the K+ tihich moved into IK 
has returned to the sap and the V arrow becomes shorter (as shown 
in Fig 7) because the K+ gradient across Y becomes less as the ex 
cess K.+ remaining in IF has not yet reached Y the X arrow remains 
unchanged, but a little later some K'e reaches X and in consequence 
the X arrow lengthens 



Fig 8 Photographic record of an expenment arranged as m Fig I empo\ing 
contacts C and F onl> F \\ as not killed but did not change during the recording 
C was in contact ^ith 0 01 m NH«Cl (pH about 60) The cell had been kept for 
2 days in Solution A The vertical lines are 5 seconds apart Temperature about 
21“C R represents the complete resting state and IR the incomplete renting state 
The first action current m this series (not shown here) carried the cur\c upward 
from the resting state {R) and the figure shows a senes of action curves returning 
each time to an incomplete resting state {IR) This might be interpreted as 
meaning that approxunatel> the same amount of K'*' moves into the sap each 
time during recovery but this amount is not sufficient to cause complete recovery 
Them across \ (\ arrow see Fig 7) remains constant presumably because no 
K'*’ moves from the sap to \ 

Complete recovery restores the protoplasm to the normal resting 
state which is designated by R the incomplete resting state produced 
b> incomplete recovery may be called IR 
When recovery is incomplete we suppose that the moving into 
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W does not all return to the sap and it is evident that with successive 
action currents we may have 

1 The same amount is returned each time so that the degree of 
recovery remains the same for all the action currents An example 
IS shown m Fig 8 Here the first action current (not shown m the 



Fig 9 Photographic record of an experiment arranged as in Fig 2, employing 
contacts D, E, and F only F was not killed but did not change during the record- 
ing all spots m contact with 0 01 m NH4CI (about pH 6) The cells were kept for 
5 da} s in Solution A The vertical lines are 5 seconds apart Temperature about 
20°C 

This record might be interpreted as meaning that a little more K + is returned to 
the sap w ith each successive recoverv thus increasing the p n across Y {Y arrow, 
Fig 7) and shortening the p d across A' (A' arrow) 

record) carried the curve up from the normal resting state {R in the 
figure) and this was folloived by a senes of action currents Recovery 
was incomplete but its extent w'as quite uniform 

2 A little more K+ is returned to the sap wath each successive action 
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current so that the degree of recovery increases as time goes on Such 
a case IS seen in Fig 9 Here the decrease of in IF not only length 



Fig 10 Photographic record of an experiment arranged a% m Fig 2 emplovmg 
contacts C and f onl> F ^\as killed with CHCh before the record started to 
secure monophasic recording at C C was m contact with 0 01 u NH4 acetate 
(pH about 6) The cells had been kept for 29 da>s m Solution A. The \ertical 
lines are 5 seconds apart Temperature about 22 C The initial action curve 
(not shown here) was due to electrical stunulation at B (100 mv d c ) 

This record might be interpreted as in Fig '•9 except that the PJ) across \ (\ 
arrow) does not shorten presumabl> because onl> the inner part of 11 loses K"*" 


ens the Y arrow but it also shortens the \ arrow In Fig 10 this 
shortening of the A arrow does not occur, presumably because onlj 
the inner part of II loses K*^ 
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Fig 11 Photographic record of experiment arranged as in Fig 1, employing 
contacts C and F only F was killed with CHCI 3 before the record started, to 
secure monophasic recording at C C was m contact with Solution A, in which the 
cell had been kept for 10 days The vertical lines are 5 seconds apart Tempera- 
ture about 20°C R represents the complete resting state 
This record shows after-positivity (for discussion see text) 
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Fig 12 Photographic record of an experiment arranged as in I ig 2, employing 
contacts C D, and F F was not killed but it did not change during the recording 
C (the onl\ spot whose record is shown here) was m contact with 0 01 \i XH 4 CI 
(pH about 6 ) as w ere also D and F The cell had been kept 5 da\ s in Solution A 
Temperature about 20°C The x ertical lines are 5 seconds apart 

This record shows a shortening of the Farrow and lengthening of the A arrow 
which might be due to increase of K" in II 
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Fig 14 
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It seems possible that the inward movement of K+ ma> sometimes 
raise K.+ in the sap above the normal and so produce the after posi 
tivity seen in Fig 1 1 This might be brought about in other aj s as 
suggested elsewhere * It is of comparatively rare occurrence 
3 A little less K"*" is returned to the sap with each successive action 
current so that the Y arrow becomes less and less We see this in 
Fig 6 which also shows that as time goes on some of the K.+ reaches 
X and lengthens the \ arrow The same thing is shown more stnk- 
inglv in Fig 12 here one might get the impression that the p d 
found at the start (IR) is restored by the lengthening of the \ arrow 
instead of by the lengthening of the Y arrow If such a procedure 
restored the true resting state (R) it might be termed false recovery to 
distmguish It from true recovery in which the p d is restored by the 
lengthening of the V arrow After false recovery action currents 
could be produced by movements of across \ Evidentl> false 
recoverj is theoretically possible but it does not seem probable that 
it plays an important r6le 


Fio 14 This photographic record was continuous (except between the places 
marked 1 and 2) for purposes of reproduction it was cut into stnps w’hich are 
arranged cousecutiveI> The cell was arranged as m Fig I Onlv one string 
was used which was connected to D except as otherwise noted (F was killed with 
chloroform before the record started) C was in contact with 0 001 v. MgClj 
D with 0 01 M MgClj F with 0 1 M hlgClt At 3 the string was switched to £ at 
4 to C at 5 back to H at 6 to F at 7 to C at 8 hack to i? 

At the start U is 55 mv positive to F and the first action current reduces this 
to zero this action curve has a double peak The subsequent action curves do not 
go to zero and after a time onl> one peak is observed But at the end of the 
record a double peak agam appears Otherwise the behaMor resembles that m 
Fig 8 

From the behavior of the string when switched to C and £ we ma% infer that 
these spots were not contmuouslj behaving like D 

Temperature about 20 C Previous to the record the cell had been kept for 
15 da>s m Solution A The time marks (at the upper margin) are 5 seconds apart 
R denotes the complete resting state 

The rcgulant> of the oscillations m some parts of the record might raise the 
suspicion that the> were due to instrumental causes but this has been excluded b\ 
a careful sludj of all the possible instrumental disturbances It will al o be 
noticed that toward the end these oscillations pass over into action currents which 
are more nearly normal 
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4 In such cases as those shown m Fig 13 we have the situation 
described under (2) followed by that described under (3), te, a de 
crease of K+ m IF followed by an increase 

These considerations would lead us to expect that as K increased m 
IF the F arrow would shorten and in proportion as K+ reached A the 
X arrow would lengthen also that if K decreased in IF the X arrow 
would shorten (or in some cases remain constant'*) and the F arrow 
would lengthen But we should not expect both X and F arrows to 
lengthen or shorten simultaneously These expectations are fully 
borne out by observation 

Figs 14 and IS show intereshng cases of a transition from a double 
peaked to a single peaked action current One way of accounting 
for this would be to assume that some of the IC+ and Na+ which moves 
mto IF IS not returned dunng the process of recovery” and that in 
consequence IF becomes more conductive so that the action current 
becomes single peaked An increase of organic ions in IF might have 
the same effect The opposite process would change a single to a 
double peak as seen in the last part of the record shown in Fig 14 

The action curves in these two figures can be interpreted in the 
manner already indicated They recall some of the records obtained 
by Adrian” and by Hoagland” with nerve 

Fio 15 This photographic record was conUnuous and for purposes of reproduc 
tion was cut mto strips which are arranged consecutively The cell was arranged 
as m Fig 2 only £ is shown C and 2? were recorded but are not shown here 
they prove that the record was monophasic smee there was no activity at F (F 
was not killed) C was m contact with 0 01 si NHrCl (pH about 6), Z) with 0 01 
11 CsCl, £ with 0 01 M NaCL 

The first action curves are double peaked (the curves do not go to zero), but 
after a tune single peaks appear, then double peaks recur and are followed by 
smgle peaks, this happens several times. Later on bursts of single peaks occur 
which recall some of the records obtamed by Adrian and by Hoagland with nerve. 

Temperature about 22°C Frevious to the record the cells had been kept for 
15 days m Solution A Time marks are 5 seconds apart 

This record also shows several of the features discussed earlier m the paper 

' It would remain constant if the concentration of K dunmished in the inner 
part of 11 but not In the outer part 

” This may or may not lengthen the \ awow dependmg on how much K'* 
reaches \ 

” Adnan, E D , The basis of sensation, London, Christophers 1928 

'* Hoagland, H,/ Gen FAyjirf , 1932-33, 16, 695, 715 




514 


NATURE OE ACTION CURRENT IN NITELLA JH 


In conclusion it may be desirable to state that the forms of the 
action curve here described are relatively mfrequent and constitute 
less than 5 per cent of the curves observed by us The first cases of 
this sort were observed in 1925 in experiments carried out by E S 
Hams in collaboration with the senior author and additional ones 
have been noted from time to time up to the present 
When three places on the cell were recorded it was found that in 
some cases the action current was confined to one spot but in other 
cases It was propagated to the other spots where it was sometimes quite 
similar but in other cases varied in form and amplitude 
The hypothesis outlined in this paper seems to involve nothing im- 
probable and may be useful in bringing under a single point of view 
numerous otherwise puzzling forms of the action curve 

SUMMARY 

Several forms of the action curve are described which might be ac- 
counted for on the ground that the outer protoplasmic surface shows 
no rapid electrical change This may be due to the fact that the 
longitudinal flow of the outgoing current of action is in the protoplasm 
instead of in the cellulose wall Hence the action curve has a short 
period with a single peak which does not reach zero 
On this basis we can estimate the n n across the inner and outer pro- 
toplasmic surfaces separately These p d ’ s can vary independently 
In many cases there are successive action currents with incomplete 
recovery (with an increase or decrease or no change of magnitude) 
Some of the records resemble those obtained with nerve (including 
bursts of action currents and after-positivity) 



ELECTRICAL FACTORS rNFLUENCING THE RATE OF 

FILTRATION OF AQUEOUS ELECTROLYTE SOLUTIONS 
THROUGH CELLOPHANE MEMBRANES* 

Bt H L WHITE, BETTY MONAGHAN and FRANK URBAN 
{From the Department of Fhystotogy and the Deportment of Btologtcal Chemistry, 
Washington University School of Medicine, St Louis) 

(Accepted for publication, June 29, 1934) 

Various observers have reported changes in filtration rate of aqueous 
electrolyte solutions through membranes with changes in concen 
tration, mdependent of viscosity (BruLner, 1926, Manegold and 
Hofmann, 1930 o,J, 1931, Dudaux and Erreta, 1924, 1926) In 
general the addition of an electrolyte increased the rate of filtration 
above that of water Erbe (1932) failed to find any effect of KCl on 
membrane permeabihty 

Two types of explanation of the mcreased impcrmeabihty in the 
presence of electrolytes have been offered The first is that of Dudauit 
and Errera, that the lower rates with water and very dilute solutions 
are due to an electroosmotic back transport with stream potential 
as the drivmg voltage, which is diminished with increase in coU' 
ductmty This same concept has been apphed to flow through 
capillary tubes (Abramson, 1931, Bull, 1932, see, however, Reichardt, 
1933 for a discussion of the inadequacy of Bull’s apphcation of this 
concept to the effect of electroosmotic back transport on stream poten 
tials) and, with diffusion potentials substituted for stream potentials, 
to abnormal osmosis (Bartell, 1914, 1923, Freundlich, 1916, Loch, 
1922, Sollner, 1930, Grollman and Sollner, 1932) 

The second is that of Brukner and Manegold and Hofmann, that 
the changes in permeability are due to changes in the thickness of a 
layer of oriented water dipoles held on the pore walls by electrical 
forces For evidence that adsorbed water layers exist see Kolkmcijer 

* The work reported m this and the accompanying paper was aided by a grant 
made by the Rockefeller Foundation to Washmgton Umversity for research m 
saence. 
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and Favejee, 1933, Liepatoff, 1926, Nutting, 1927, Boswell and Dil- 
worth, 1925, Dumanksi, 1933, and for evidence that the development 
of such layers is a function of the electrokmetic potential see Buzagh, 
1930, Zocher and Jacobsohn, 1929, Pauli, 1929 

It occurred to us that the question of the influence of electrical 
factors on filtration rates could best be studied by comparing the 
filtration rate of a solution in which these factors are absent, ^e a.t 
the isoelectric point, with those of solutions where they are present 
Since both effects discussed above decrease permeability, a maxi- 
mum filtration rate at the isoelectric condition is predicted Our 
experimental findings confirm this prediction 

Determinakon of Filirahon Rates — ^The cellophane "600'’ membranes were 
soaked in the solution to be filtered for 24 hours previous to the filtration The 
membrane Cdiameter of filtermg surface 7 0 cm ) was put mto a porcelam fiitermg 
apparatus of the type illustrated by Jander and Zakowski (1929) The membrane 
was supported on each side by a perforated porcelam disc m direct contact A 
large rubber stopper was sealed mto the top by beeswas-rosm cement, a vertical 
glass tube was tightly fitted mto a hole m this stopper Pressure applied to the 
compartment below the membrane was read with a mercury or water manometer 
and the filtration rate determmed by readmg with a horizontally mounted micro- 
scope fitted with a micrometer ocular the rate of rise of the meniscus in the tube 
The whole apparatus was immersed m an electrically controlled water bath at 25° 
rfc 0 01 The pressure (25 mm Hg) was apphed when the apparatus was first 
put mto the bath and readmgs begun after 2 hours With thorium solutions of 
concentration jr/50 or less, any further change m rate with time was so slow as 
not to exceed, withm the penod of observation (approximately a half hour), the 
limits of experimental error With more concentrated thonum solutions (m/10), 
the filtration rate slowly decreased over a penod of several hours This falhng 
off with tune is undoubtedly due to a mechamcal blockmg of the membrane, 
caused bj’^ the adsorption of colloidal thonum hydroxide onto the pore walls 
Repeated determmations on a given membrane showed a maximum fluctuation of 
del 5 per cent and an average of ±1 per cent A given membrane was used 
for a senes m the vanous solutions The rate with water remams constant after 
repeated determinations The absolute values for the filtration rates with water 
on three membranes are 151, 148, and I 09 X 10"® cc/sec/cm ^/cm HjO 
The first two figures are on membranes cut from the same piece of new cellophane, 
the last was on a sample cut from the same piece a few months later WTiether 
this decrease m permeabihty with age of the dry and unused membrane is a con- 
sistent occurrence we cannot say These values may be compared with the figure 
of S 6 X 10" ® (McBam and Kistler (1928), Table I) on cellophane 600, and with 
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the figure of 5 5 X 10“® (Manegold and Viets (1931), Table I) for a sample of 
“EmmachcceUophan** which was 0006 cm. thick, McBam and Kistler found 
cellophane 600 to be 0 0098 cm t h ic k . 

The procedure followed has been to determine on a given membrane the filtra 
tion rale of water then of the various thorium chloride solutions and finally of 
water The water rates at the begmning and end of a senes were the same. This 
has been carried through for three membranes the results are shown m Fig 1 
The percentage deviation m filtration rate from that of water Ondicatcd by the 
horizontal hne) is plotted against the negative loganthm of the molar concen 
tration of ThCU The rate is seen to reach a maximum at a con^ntration of 4 X 
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Fig 1 FiltraUon rate through cellophane as a function of concentration, 
ThCU,0 

10-5 M and then to fall off, becondng from 15 to 20 per cent less than the water 
rate m a concentraUon of 4 X lO"* m ThCli Further mcrease In the thonum 
concentration results in an increase In filtration rale.' 

' This fact, that m 2 X 10“* h ThCU the filtrauon rate is considerably faster 
than in 4 X 10"* ii ThCU demonstrates conclusively that the changes in filtration 
rate with varying thonum concentration, up to a concentration of 2 X 10"* M 
are not due to mechanical blocking of the membrane by colloidal thonum hydrox 
ide If this blocking effect were an important factor, the filtration rate with 
2 X 10"* u would be less than with 4 X 10"* ii. As has been stated previously 
however, m solutions more concentrated than 2 X 10"* ii ThCU a suffiaent 
amount of the colloidal material is present to cause a noticeable blocking, hence 
filtrauon values for more concentrated solutions cannot be obtained 



518 RATE OF FILTRATION THROUGH CELLOPHANE MEMBRANES 


Correlation of Changes in Filtration Rate with Zeta Potential — The 
zeta potential of cellophane as a function of thorium concentration 
IS discussed in the accompanying paper of this senes It was demon- 
strated that, while the absolute magnitude of the zeta potential cannot 
be determined on cellophane membranes, nevertheless the isoelectric 
point could be accurately located at a concentration of approximately 
4 X 10~® M ThCb Also, the curve of electroosmotic velocity as a 
function of thorium concentration obtained with cellophane membranes 
(see Fig 1 of the accompanying paper) indicates that the zeta potential 
of reversed sign obtained in 4 X 10~® thorium chloride is much greater 
than the potential in water The thorium filtration curve of Fig 1 
shows a maximum at 4 X 10“® m ThCb, the concentration at which the 
membranes are isoelectric As zeta of reversed sign increases (as in- 
dicated by the electroosmosis-concentration curve) the filtration rate 
falls imtil in 4 X 10~® M it is about 22 per cent lower than at isoelectric 
The mcrease in filtration rate as one passes from 4 X 10~® to 2 X 10~* 
M ThCU IS presumably correlated with a beginning return of zeta 
toward zero (irregular series) which has been repeatedly demonstrated 
at high thorium concentrations, we have not carried out electroosmotic 
observations with 2 X 10"^ m ThCh It may be pointed out that the 
experiments with the stronger thorium solutions are the first to show 
a decrease in filtration rate below that for water on adding electro- 
lytes, other than those explicable by mechamcal plugging This is as 
expected, smce the mono and bivalent cations employed by other 
workers could not reverse zeta The filtration rate is thus an inverse 
function of zeta, being diminished by an mcrease of zeta 

The question as to which is the more important of the two possible 
mechamsms, postulated earlier m the paper, by which electrokinetic 
factors might influence filtration rate is not decisively answered by 
this work As regards the electroosmotic back-transport set up by 
stream potential, it would seem that, even with an increasing zeta as 
one passes the isoelectric point, the increased conductivity would so 
diminish stream potentials that this effect would dimmish and filtra- 
tion rate return toward the maximum If, on the other hand, changes 
m effective pore diameter due to variations m the ngidity or viscosity of 
an adsorbed water layer and determined by zeta are the predominant 
factor, a continued diminution of filtration rate would be expected so 
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long as zeta is increasing The (act that the latter occurs might be 
taken as presumptive evidence that the wall layer effect is of more im 
portance than the stream potential-electroosmotic effect However, 
since the ratio of the conductivity in the membrane with a concen- 
trated solution to that with a dilute solution is probably much less 
than the ratio of the respective bulk conductivities, one cannot be sure 
how much the stream potential with the more concentrated solutions 
IS decreased, and in the absence of this knowledge a decision as to the 
more important of the two factors cannot be made 
The experimental findings on filtration rate reported here agree 
rather well, except at one conccntrabon,with those reported some time 
ago by Urban and White (1932) The present work was done under 
better experimental conditions and, where discrepancy exists, the 
present results are beheved more reliable 
During the progress of this work Reichardt’s paper appeared, in 
which is developed an equation (or calculating the amount of elec- 
troosmotic “blocking" due to stream potential The equation is 

2A<<IU 
Br\ ‘ 

where ^ is the ratio of the volume back-transported electroosmotically 
to the volume pressed through by hydrostatic pressure, A and B are 

functions of -, where d is thickness of double layer and r is pore radius, 

Xo IS the von Smoluchowski (electroosmotic) component of surface 
conductivity per unit cross section of pore, and X is total specific 
conductivity in the pore Where ^ is 1, no filtration will occur, where 
<1/ IS 0, Poiseuille’s law is obeyed We hoped to apply our experimental 
findings to this equation to see if the observed departures from normal 
filtration agreed with those predicted by the equation but the evalua 
tion of several of the factors in the equation is so uncertain as to render 
such an attempt at present premature 
In conclusion, some experiments testmg a findmg of I^epeschkin’s 
may be mentioned Lepeschkin (1933) reported that when filtration 
rate is plotted agamst filtration pressure a straight line is obtained 
which cuts the X (pressure) axis to the right of the origin This X 
intercept, the pressure below which no filtration takes place, was termed 
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the membrane resistance We have carried out a number of determi- 
nations of filtration rate as a function of pressure In the earlier ex- 
periments results similar to those of Lepeschkin were obtamed, shown 
as the broken Imes in Fig 2 It was soon found, however, that this 
was due to insufficient time for the membrane to come to equilibrium 
If the rate at a high pressure was determined and the pressure lowered 
for another determmation, several hours were reqmred for the rate to 



Fig 2 Filtration rate m arbitrary units of ThCU solutions through cellophane 
as a function of pressure O, water, C , 4 X 10"* u ThCb (isoelectnc) , O, 4 X 
10~® M ThCU, •, 4 X 10~^ M ThCb (pressure equihbrium attained) 


become constant At the lower pressures it was necessary to leave the 
pressure on overnight to achieve constant conditions When these 
precautions are observed the curve is a straight line passing through 
the origin, a tjqncal result is shown as the full line of Fig 2 We 
therefore beheve that Lepeschkin’s membrane resistance is an artifact 

SUMMARY 

The mechanisms by which electrokinetic factors might influence the 
filtration rate of aqueous electrolyte solutions through membranes are 
discussed The filtration rate of a thorium chloride solution m which 
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the membrane is isoelectric is compared with those of other solutions 
The maximum filtration rate is found at the isoelectric concentration, 
the rate falling as the electrokinetic potential increases 
The results demonstrate an inverse relation between the electro 
kmetic potential and the filtration rate but do not permit the evalua 
tion with any great exactitude of the respectiv e rfiles played by the 
two proposed mechanisms, namely, a stream potential electroosmotic 
back transport and a variation in effective pore diameter due to an 
orientation of water dipoles determined by electrical factors 
Evidence is presented that I^peschkin’s membrane resistance is an 
artifact 

BIBLIOGRAPHY 

Abramson H A , 1931, / Gen Phystol , IB, 279 

Bartell, F E , 1914, / Am Cficm Soc 36, 646, 1923, Colloid symposium mono 
graph Madison, The Umversity of Wisconsm Press, 1, 120 
Boswell, M C and Ddworth, H M , 1925, J Pkys Chem , 29, 1489 
Brukner, B , 1926 Z Ver Dettlsch Zuckennd 76, 3 
BuU H B 1932, Kolhtd Z , 60, 130 

Buzagh, A, 1930 KoHoid Z 62, 54, 1930 Koltcndchem Betliefle, 32, 114 

Duclaux, J , and Errera, J , 1924 Rev collctdes, 2, 130 

Budaux J and Errera J , 1926, hoUoid Z , 38, 54 

Dumanski A. 192Z, Kollotd Z 65,178 

Etbe, F 1932, Kollotd Z , 69, 32, 195 

Freundlich, H , 1916, KoUotd Z 18, 11 

GroUman, A. and Sbllner, K., 1932 Tr EJectrochan Soc , 61, 477 487 
Jander, G , and Zakowski, J , 1929, Mcmbranfilter, CcUa und UltrafeinfJtcr, 
Leipsic, Akadermsche VerlagsgescUsdiaft, 5 
Kolkmeijer, N H , and Favejec, J C L , 1933, Nature, 132, 602 
Lepeschkm, W W , 1933 Kolloid Z , 66, 184 
Liepatoff, G , 1926, KoUo\d Z , 39, 230 
Loeb, J , 1922, J Gen Physiol 6, 89 

Manegold, E , and Hofmann, R., 1930a KoUoid Z , 60, 207, 19306, DO, 22 
Manegold, E and Hofmann, R., 1931, Biochem Z , Berlin, 243, 51 
Manegold E and Viets K , 1931 KcUotd Z , 66, 7 
McBam, J W , and Kistler S S , 1928, J Gen Physiol , 12, 187 
Monaghan, B , White, H L , and Urban F , 1935, J Gen Physiol , 18, 523 
Nutting, P G 1927, J Phys Chem 31, 531 

Pauli W , 1929, Elektrochemie der KoUoide, Vienna, Julius Spnngcr, 2nd ediUon, 
231 et seq 

Reichardt, H , 1933, Z phys Chem Abl A, 166, 433 
SdUner, K-, 1930, Z Elektrochem , 36, 36, 234 

Urban, F , and White, H. L 1932, Proc Soc Exp Biol and Med , 29, 607 
Zocher, H., and Jacobsohn, R., 1929, Kolhtdehem Beihejte, 28, 167 




A COMPARISON OF THE ELECTROPHORETIC VELOCITIES 
OF CELLOPHANE AND COLLODION SUSPENSIONS 
WITH ELECTROOSMOTIC VELOCITIES THROUGH 
MEMBRANES OF THE SAME MATERIALS 

By BETTY MONAGHAN, H L WHITE, and FRANK URBAN 
{Frcm the Department of Phyixology and the Department of Biologxcal Chmulry^ 
Washington University School of MedtcinCt St Jjmts) 

(Accepted for publication, June 29, 1934) 

This paper is a report of the electrophoretic velocities of cellophane 
and collodion suspensions in ThCU solutions of various concentrations; 
and of the electroosmotic velocities of the same solutions through 
cellophane and collodion membranes 

EXPERIMENTAL 

Cellophane — For the electrophoresis detemunations a colloidal suspension of 
cdloph^e vras prepared by soalong cellopbane (previously washed free of glycerin 
and dried) m a mixture of about equal parts of acetone and ether for several days, 
putting a few cubic centimeters of this imxturc into 100 cc of water and aerating 
to remove the a<»tone and ether On two occasions out of se\eral Inals satis- 
factory suspensions were obtamed they remamed stable for several weeks. We 
regret that we are unable to specify the factors responsible for the success or 
failure of this procedure This suspension was examined in a Northrop-Kunitz 
cell of predetenmned aoss-section and the current measured It vaned from 
1 X 10“® amp in water to 5 X lO"* in 4 X 10"* M ThCU The specific resistance 
of each solution was determined m the usual way and the volts per centimeter 
across the ccU calculated as IR, as suggested by Abramson (1929) Zeta was 

calculated m imlhvolts as, zeta « 14 X micra/sea results are shown m 

volts/cm 

Fig 1, where zeta in mflhvolts is plotted against the negative loganthm of the 
molar concentration of ThCU The isoelectric pomt is between 3 and 4 X 10"* M 

The electroosmotic isoelectric pomt was then determmed on mtact cellophane 
membranes A side arm w as sealed to a tube of 2 5 cm, bore and 6 cm length 
and a capillary of 1 mm bore fitted to the side arm A cellophane sheet was tied 
over one end of the large tube and sealed tight with collodion The upper end 
of the tube was fitted wath a rubber stopper and sealed with beeswax rosm cement. 
This stopper was perforated by a tightly fitting tube forming an agar KCl bndge 
523 
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The bndge passed to a large calomel-saturated KCl electrode, its lower end just 
above the membrane -ssas turned up The cell was filled with the solution under 
mvestigation and dipped into a beaker contammg the same solution, the circuit 
bemg completed by an agar bridge m the beaker and another calomel electrode 



Fig 1 Electrophoretic zeta potentials m milhvolts of a cellophane suspension 
• , and elcctroosmotic veloaty m arbitrarj' units of three cellophane membranes 
O, as a function of the ThCb concentration 

The movement of the meniscus m the nearly horizontal capillary side arm vas 
obsei^^ed with a microscope 100 volts were apphed at the electrodes The 
current through the cell was always measured Platinum electrodes were used 
at first but with these the current was not the same on reversal of polanty, with 
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calomel electrodes it was unclianged although it rose slowly with time due pre- 
sumabl> , to the diSusion of KCl from the agar bridges Higher concentrations 
than 4 X 10~* u ThCU could not be mvestigated because of the heating effect 
of the larger currents The average of several readings with each direction of 
current v.as taken The results on three membranes with rate of electroosmotic 
transport expressed in arbitrary units are given m Fig 1 

Absolute values of zeta by electroosmotic method can be given only if the 
E u.r across the membrane is known This must be only a small fraction, m 
our experiments, of the 100 volts at the electrodes We have attempted to deter 
mine this by determimng the resistance of cellophane membranes in an apparatus 
of the type described by Green Wecch, and Michaelis (1929) and multiplying by 
the current We have not yet succeeded, however, m measuring these resistances 
with consistent enough results to justify a statement as to the e M.r across the 
membranes It appears probable that the membrane resistances are so low as 
not to be measurable with much accuracy It is improbable that the e u p 
across the membrane remains a constant fraction of the apphed E m p m the 
various solutions, smee the ratio of surface to bulk conductivity must he high 
and smee the diffusion of KCl mtroduces an mconstant enor Therefore, the 
zeta<oncentratiOQ curve may not be of the same shape as the dectroosmotic 
transport concentration curve Nevertheless, smee the percentile changes under 
gone by zeta are beyond question much greater than those of £ M p across the 
membrane, the transport-concentration curve probably does not greatly differ 
qualitatively from the zeta-concentration curve In any event, the isodcctnc 
pomt to electroosmosis is accurately located at 4 X 10“^ u ThCU a concentration 
about 10 times as great as the isoelectric pomt to dectrophoresis The advau 
tage of comparing two processes, as dectroosmosis and electrophoresis, b> a com 
panson of their isodectnc pomts rather than by an evaluation of zeta at values 
other than zero is that common to all null pomt methods. 

It was thought that this difference m the electrophoretic and dectroosmotic 
isodcctric pomts on cellophane might be due to mabflity of the thonum ion to 
penetrate mto the small pores of the cellophane membranes in a reasonable time. 
That this IS not the explanation was shown by the experimental findmgs that (1) 
membranes allowed to soak for many days m a concentration of 1 X i0~* M ThCU 
were still charged as m water (2) activdy Sltcrmg this solution through a mem 
brane for several hours under pressure did not reverse the sign of charge on the 
membrane, and (3) even more strikmg three membranes %\hose sign of charge 
had been re\ersed with a strong thonum solution (1 X 10"® u) and whose pores 
must therefore have contamed sufBaent thonum to bring about reversal \ery 
quickly showed a negative zeta potential when placed mix 10"® ii ThCU 
The possibiht> was then considered that the cdlophane suspension used m the 
dectrophoresis study ViOS simpl> a more soluble fraction of the cdlophane mem 
brane, with somewhat different chemical properties from those of the untreated 
membrane The experiments were therefore repeated on collodion smcc v.ith this 
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matenal suspensions could be obtained which were certainly of the same com- 
position as the membrane 

MV 



-LOG MOLAR CONCENTRATION Tha4 

Fig 2 Electrophoretic zeta potentials m milhvolts of a collodion suspension 
as a function of ThClj concentration A-B represents the isoelectnc zone for 
dectroosmosis in five collodion membranes 

Collodion - — Collodion membranes of vailing pore size were prepared by the 
method described by Bjemim and Manegold (1927) The electroosmotic expen- 
ments on the collodion membranes were earned out exactly as with cellophane 
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Since the membranes differed m permeability (estimated average pore diameter 
of most permeable membrane between 2 and 3 times that of least permeable) the 
electroosmotic veloaties vaned greatly at concentrations other than isoelectric, 
but the curves for all five membranes crossed the isodectric pomt at concentra 
tions between 4 and 6 X 10“® m ThCU 

Microscopic collodion suspensions for dectrophoretic measurements were pre- 
pared from the same stock collodion solution used for the preparation of the mem 
branes One part of this solution was diluted with ten parts of the soh ent (alco- 
hol and ether) Distilled water was then added slowly, with shaking, until a 
milky suspension was obtamed. The ether and most of the alcohol were then 
removed by aeration 1 cc of this stock suspension was added to 250 cc. of the 
various thorium solutions under mvestigatiom It should be mentioned that this 
procedure is not always successful in producing suspensions of the desired particle 
size (1 to 5;i) often the particles clumped rather rapidly But m about a dozen 
trials, two suitable suspensions were obtained, these were kept m the fee box 
and used as a stock suspension for ail future electrophoretic determinations 

The electrophoretic zeta potential curve and the electroosmotic isoelectric zone 
are shown m Fig 2 Here again the isoelectnc concentration (between 1 and 
2 X 10’® u ThCU) for the particles is very much less than that found for the 
membranes (4 to 6 X 10“® u ThCU) 


DISCUSSION 


That the difference in the isoelectric point of cellophane and col- 
lodion particles as compared with membranes of the same material 
is due to the small size of the membrane pores is indicated by the 
fact that in very large capillaries (300 radius) of pyrex glass, or on a 
flat glass surface, the same concentration of ThCU (as well as AlCU 
and FeCU) which is isoelectnc for electroosmosis is also isoelectnc 
for electrophoresis with pyrex parUdes (Monaghan, White, and Urban 
(1935)) 

The behavior of the membranes is probably to be attnbuted to the 
influence of the small pores in preventing complete development of the 
electrical double layers Accordmg to McBam and EasUer (1928), 
the largest pores in cellophane 600 membranes are of the order of mag^ 
nitude of 2-3 X 10~’ cm in radius Let us now consider the prob 
able thickness of the diffuse double layer (for a recent discussion see 
Muller, 1933) The thickness of the double layer decreases with in 
creasmg concentration, the decrease being faster the higher the valency 


of the ions, according to the expression X 


4 32 X 10-»cm 
v Zzht 
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X = double layer thickness, 7, = concentration in micromols per liter 
of 10ns of the hth’ type, z^ = valence of 10ns of the bth’ type This 
expression holds with a fair degree of accuracy only when s f ^ 25 mv 



Fig 3 Schematic representaUon of potenbal-distance curves in various con- 
centrations of ThClj A = solid wall, B = radius of pore m cellophane 600 
membranes, C == outer limit of diffuse double la>er around a cellophane particle 
The potential difference PQ — electroosmotic zeta potential of cellophane mem- 
branes, PR - electrophoretic zeta potential of cellophane particles Curve 1 
represents conditions in water, Curve 2 m 3 X 10“® u ThCli, Curve 3 m 4 X 10"® 
M ThCb, Cur^ e 4 m 4 X 10-® M ThCU 

However, m the absence of data which vould permit a more nearly 
rigorous evaluation of X ve may employ this expression to obtain a 
rough approximation The calculation yields a double layer thickness 
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of 5 6 X 10“* cm at the electrophoretic thorium isoelectnc concern 
tration (3 X 10~' U ThCU) This figure may be several hundred 
per cent from the true value, nevertheless it seems certain that the 
double layer thickness at this concentration is much greater than the 
radius of the membrane pores’ and consequently that the double layer 
will he very much compressed m the membrane pores It follows 

from the condenser equation f = ^ charge density, <r, 

remaming the same, { is directly proportional to the distance between 
the plates A schematic representation of the probable course of the 
potential-distance curves as the thorium concentration is mcreased is 
given in Fig 3 (see also Monaghan, White, and Urban (1935)) In water 
(Curve 1) where the double layer is normally qmte diffuse, the zeta 
potential m the small pored membrane will be greatly reduced from 
the normal value because of the necessarily compressed state of the 
diffuse layer In 3 X 10“* M ThCli, which is isoelectric for the par 
tides, the membrane (electroosmotic) zeta potential has the same sign 
as in water (Curve 2) In 4 X lO"” M ThCh (Curve 3) the membrane 
is isodectnc, while the sign of electrophoretic zeta is reversed In 
stronger solutions, 4 X lO"’ m ThCh, where the double layer thickness 
approaches the pore radius, the potential of the membrane will ap 
proach that of the partides, both bemg of reversed sign (Curve 4) 

SUMMARY 

It IS demonstrated that the isoelectric concentration of ThCU is 
much greater for electroosmosis in small pored membranes (cello 
phane, collodion) than for electrophoresis of partides of the same 
material An explanation for the difference is advanced, based on the 
influence of the small pores in preventing complete devdopment of the 
electrical double layer 
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STUDIES ON BLOOD COAGULATION 


I The Roie of Prothrombin and of Platelets in the Formation 
OF Thrombin 

By harry eagle* 

{From tho Department of Physical Chemistry in the Lahoratones of Fhysiolosy, The 
Barvard Medical School, Boston, and the Department of Bacieriologv, 

School of Medicine, University of Pennsylvania, Philadelphia) 

(Accepted for puhticaUon, June 28, 1934) 

When blood is shed, a soluble plasma protein, fibrinogen, is con 
verted into a gel Idee mass of fibrils in the interstices of which the 
cellular elements of the blood are retained mechanically to form the 
blood clot This may subsequently express serum, the phenomenon 
of syneresis Table I represents a condensed and greatly simphfied 
summary of some of the theories which have been suggested concern- 
ing the mechamsm of this transformation Without considering them 
individually or in detad, it is to be noted that according to most of 
these theories, the conversion of fibrinogen to fibrin is associated with 
the liberation of an active coagulant, termed thrombin in the absence 
of any precise mformation as to its chemical nature Circulatmg blood 
IS believed to contam various precursors of thrombin, activators, and 
inhibiting agents in delicate balance, when blood is shed, this balance 
IS somehow upset, initiatmg a complex senes of consecutive reactions, 
as the very last step in which thrombin is formed, and this thrombin 
then reacts with plasma fibrinogen to form fibrm, the basis of the clot 

There have been two attempts to turn aside from what we may call these 
classical theones of coagulation as developed by Schmidt, Hammarsten, Morawitz 
Bordet Howell (1916-17, 1925) and others with their complex mterplay of nu 
merous cellular and plasma constituents, and to substitute instead relatively simple 
concepts Thus, Hekma has suggested that the transfonnation of fibnnogen to 
fibrm IS a reversible sol gel transformation, that fibrmogen is the alkaline hydrosol 
of fibrm, coagulation presumably lesultmg from an unexplamed mcrease m the 
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acidity of shed blood, and that fibrin can be converted back to fibrinogen by 
dissoI\nng it in alkali His theory is particularly interesting m view of the fact 
that Anson and Mirsky^ have recently succeeded in converting heat-denatured 
serum albumin back to the native protem by simple solution m acid and careful 
neutralization However, Hekma’s views haie failed of general acceptance As 
Barkan and Caspar showed, an alkaUne solution of fibrin is not a solution of fib- 
rinogen, for the former cannot be coagulated afresh by the addition of thrombm 
Moreover, the coagulabon of fibnnogen does not necessarily involve a change 
m hydrogen ion concentration (Eagle and Baumberger) 

Stuber and his coworkers have pubhshed an extensive senes of papers, in the 
earhest of which he claimed that thrombin caused coagulation by removing water 
from fibnnogen, thereby convertmg it to a dehj'drated msoluble form, fibrin 
Subsequently, however, he has apparently discarded the classical theories and 
reactants as artifacts, and has mtroduced the wholly new idea that coagulation is 
caused by glixolysis, a concept which has not been verified As Hartmann and 
Kuhnau show ed, plasma dialyzed free of glucose clots just as readily as normal 
plasma upon the addition of the necessary electrolytes, and normal plasma may 
coagulate w ithout any demonstrable glycolysis Another concomitant of coagula- 
tion in the Stuber scheme is an increase m the pH of blood or a fibrmogen solution 
Hirsch has reported a decrease m the pH of blood durmg coagulation, while Eagle 
and Baumberger have been unable to demonstrate any significant change durmg 
the coagulation of fibrmogen by thrombm 

It V, ould therefore seem that we must revert to the classical theories 
outlined in Table I as the most promising line of attack on the general 
problem If we disregard nosological differences, and seek the basic 
observations concerning w'hich most of the classical theories are in 
essential agreement, we find that they all reduce to the following 
broad formulation (1) an unidentified substance present in cell-free 
citrated, ovalated, or untreated plasma (prothrombin), (2) an un- 
identified substance present primarily in the blood platelets, (3) 
calcium, and (4) fibrinogen, interact to form an active coagulant, 
thrombm, and fibrin 

Concerning the details of the reaction, however, we find conflicting 
\news in the literature This and the following paper represent, first, 
a reinvestigation of some of the controversial aspects of the coagulation 
phenomenon, and second, further studies of the mechanism of the 

reaction 

1 The bibliographj follows the second paper of this senes, page 553 
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Methods and Materials 

1 Fibrnwgen — Fibraogen i^as prepared from citrated (0 5 per cent) horse, 
rabbit, dog, or human plasma b} four precipitations with I 2 volumes of saturated 
NaCL It was sometimes necessar>’' to add a trace of oxalate or citrate to the 
saturated salt, as otherwise traces of Ca m the salt caused a part of the fibrinogen 
to coagulate upon redissolvmg the precipitate A trace of sodium bicarbonate was 
added to the salt solution to keep the reaction veaUy alLalmc (pH 7 5-8) After 
each precipitation, the fibrmogen was collected by filtration (usually overmght in 
the icebox), redissoKed m a minimum volume of 0 85 per cent NaCl, usually 
1/2 — 1/4 that of the previous solution, and repreapitated The final solution 
failed to dot upon the addition of CaCIj, due to the progressn e removal of pro- 
thrombm and its progressive deterioration in the course of the precipitations, 
Jilost of the fibrinogen used m the foUowmg experiments vas prepared from horse 
plasma obtained from the Massachusetts State Antitoxm Laboratory, whose 
courtes> and generosity it is a pleasure to acknowledge 

2 Prolhromhin and Thrombin — ^\^anous methods have been devised for the 
preparation of these two reagents For the former, Howell (1914) and Cekada 
preapitated plasma with acetone, dned with ether, and extracted the precipitate 
with shghtly alkahnized water Gratia has inoculated oxalated plasma wnth 
staphylococci, the fibrmogen coagulatmg and leavmg the prothrombm m solution 
In prepanng thrombm, both the serum and the clot (Herzfcld and Klinger) have 
been used In our hands these methods have proved cumbersome or unreliable, 
and the presence of antithrombm has proved an undesirable comphcation m usmg 
serum as thrombm 

rortunatel>, a simple method was found* which consistently jnclded highly 
acli\ e preparations of prothrombm and thrombm withm 1 hour after obtaining 
the plasma Fresh atrated or oxalated plasma, preferably the former, was diluted 
\ath 10 to 15 xolumcs of cold water, and CO’ gas bubbled through for about 5 
mmutes A precipitate formed consistmg of plasma euglobulm, a portion of the 
fibrmogen, and a large part of the thrombm precursor, prothrombm (cf page 538) 
The mixture was centnfuged, the supernatant fluid discarded, and the precipitate 
redissoh cd m 0 85 per cent salt solution (same \ olume as the original plasma used) 
The opalescent solution was brought to approximatelv pH 7 0, as b} the addition 
of a trace of sodium carbonate, sodium bicarbonate, or verj dilute (0 01 k) NaOH * 
B% this simple procedure prothrombm was obtamed free from scrum albumin and 
free from thrombm-mhibitor (antithrombm) If desired, the fibrinogen was 
remox cd b> heatmg carcfullx at 56°C for 3 to 0 minutes, a procedure which caused 


-We haxe since learned that a similar method was used bx Mclianbx, vho 
diluted bird plasma vrith water and aadificd with dilute acetic acid, and bx Fuchs 
(19295) 

* Phosp*’ate buffer (1/20 xoluire of ii/l5 phosphate at pH 8 0) is not as satis- 
factorx , due to the formation of a p*eapitate upon the addition of calaum salts 
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no significant destruction of the prothrombin The coagulated protein was then 
removed by centnfugmg or by filtration through a small coarse filter paper 

To obtam thrombin, one need only add to the prothrombin solution 1/20 its 
volume of 0 i M CaCl (1 1 per cent) If the prothrombin had been prepared from 
untreated plasma, and the fibrinogen bad not been removed, the solution clotted 
in 3 to 15 mmutcs, whereupon it was broken up thoroughly with a glass rod and 
filtered through a very small coarse filter paper The filtrate was a highly active 
thrombin. If the fibrinogen had been removed by beating the prothrombm solu 
tion at 56'’C for about 4 mmutes, no dot formed and the solution was ready to 
use as thrombm m 15 mmutes after the addition of the calcium salt 

The thrombm solution remamed serviceable for 1 to 6 days if kept m the ice 
box gradually decreasmg in activity 

3 Cephalin — Cephahn was obtamed from pig brains by drying the tissue with 
acetone extractmg with ether for 3 days evaporating the ether extract to dryness 
and removing the acetone soluble fraction The residue was tak.cn up m ether 
as a 1 or 10 per cent solution, and 0 I cc. thoroughly shaken m 10 cc. of salt solution 
to form a 0 Ol-O 1 per cent suspension Although the lipoid is referred to as 
cephahn m the text, it was obvioudy a crude mixture, containing cephalin lecithin, 
and probably other hpoids, 

4 Platelet Suspension and Platelet Free Plasma — Platelet free horse plasma 
was prepared by centnfugmg citrated plasma for two penods of 1 hour each at 
3000 R PM. The dear plasma was then passed through a Berkefeld filter If an 
adequate amount of CaCU is added to such plasma immediatdy after filtration, 
It clots very slowly After I hour however, the plasma becomes completely non 
coagulable by Ca unless platelets or cepbalm are also added 

The sediment of platelets obtamed upon centnfugmg tbe atrated plasma was 
washed twice m a volume of salt solution corresponding to the original plasma 
volume and resuspended m 1/50 the ongmal volume making a platelet suspension 
SO times as concentrated as the ongmal plasma. That such a suspension has not 
lost its coagulatmg properties by the manipulation involved in the repeated 
centnfugmg was shown by the fact that the coagulation tune of the platelet free 
plasma was restored to its ongmal value by the addition of 1/50 volume of the 
concentrated platelet suspension {cf page 541) 

5 Quantttative Measurement — One of the chief handicaps to the study of 
coagulation has been the use of qualitative instead of quantitative technique. 
With this in mmd the follow mg quantitative procedure was developed, which, 
admittedly mexact has nevertheless proved of great value Suppose it is ncces 
sary to compare the thrombm content of a solution before and after a certain 
physical or chcrmcal mampulation Keeping all external factors such as tem 
perature \olurae pH salt concentration etc fixed, and using a constant quantity 
of all reagents except thrombm one measures the coagulation tune in each of a 
senes of tubes contammg mcrcasmg quantities of thrombin Given this senes as a 
base Ime the coagulation time of the unknown solution is then determined under 
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e-^actly the same conditions, and the thrombm content obtained at once b) inter- 
polation (Table II) The same general method is apphcable to everj’ factor 
entering mto coagulation, and is used throughout this and the following paper 
The coagulation time is determined by inverting the tube at intervals, gelation 
sufficient to prevent the contents from pouring being the critenon of coagulation 
Care must be taken not to shake the contents, for coagulation is thereby ac- 
celerated. 


Is Thrombin the Cause or Product of Coagulation? 

It has been generally believed (Morawitz, Howell (1916, 1925), 
Bordet (1920 a, ft)) that coagulation involves two entirely distinct 
processes the £rst is the complicated series of reactions culminating 


TABLE n 

Example of Qtcaitlilalive Procedure nt Estimating the Rehhve Activity of an Unknown 
Solution of Thrombin, Compared Ip a Standard 


Onginal solution of thrombm, cc , 

NaCl added to a total of 0 2 cc , 0 8 


0 1 

0 05 





cc fibnnogen then added 
Coagulation tune, trin 

Coagulation tune, using the unknown 

1 


2i 

4 

1 

7 

12 

20 

solution of thrombm under exactly 
the same conditions 

■ 


i 


17 

i 

1 

1 


The thrombin activity of the unknown was therefore about 30 to 35 percent 
of that of the onginal preparation 


in the liberation of active thrombin, the second is the interaction of 
thrombin with fibrinogen to form fibrin However, Wooldridge 
(quoted from I^Iorawitz), and more recently Nolf, Stuber, and Picker- 
ing (1925, 1928) have maintained that thrombm, like fibrin, is a 
product of coagulation rather than its cause, and that the reaction 
cannot be Mewed as two consecutive processes 

The prothrombin solution prepared as described on page 534, freed 
of fibnnogen by heating, made possible a clear-cut test of the two 
h>pothcscs If no thrombm forms unless fibrinogen is also added, 
then the contention of Wooldridge and Nolf gams credence On the 
other hand, if such a fibnnogen-frcc solution liberates thrombin upon 
the addition of calcium, and if the thrombm forms in less than the 
coagulation time of the original solution, this clearly indicates that 
thrombm is not a product of coaguIaUon, but its cause As shown 
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m Protocol 1 the latter is correct Confirming Bordet (1920 c, 6) the 
amount of thrombin formed upon adding CaClj to a prothrombin 
solution is practically the same m the presence or absence of fibrino 
gen A quantitative study of the vdoaty of thrombm formation 
shows that coagulation is coincident with the sudden liberation of 
large quantities of thrombin, sufficient to cause an almost instanta- 
neous coagulation (< 15 seconds) of the fibrmogen present m the 
solution 

Protocol 1 Showing That the Liberation of Thrombin from Prothrombin is Inde 
pendent of the Presence of Fibrinogen, and Precedes or Is Coincident with the Actual 
Coagulation — 0 1 cc, of 0 1 u CaCIj was added to 1 cc. of fibrinogen free torse 
prothrombin solution (page 534) After 1, 2, 4, 8, 16 and 32 minutes, 0 1 cc. 
was withdrawn and quickly added to I cc of citrated (0 1 per cent) fibrmogen and 
the coagulation lime noted as a quantitative measure of thrombin activity 


Time after addition of CaClt to prothrombm, 









min 

0 

1 

2 

4 

8 

16 

32 

64 

Coagulation tune of 1 cc fibrmogen plus 0 1 









cc of the prothrombm CaCli muture 

«D 

CS 

CO 

32 

8 

3 

3 

3 

Prothrombm converted to thrombm, per cent 

0 

0 

0 

4 

75 

100 

100 

100 


The coagulation times were converted to percentage of thrombin formed by 
testing serially deaeasmg quantities of the final thrombin solution, as follows 


Thrombm solution cc 

0 1 

0 05 

0 025 


0 0062 

Coagulation time of 1 cc fibnnogen 

3 

5 

8J 

1 « 1 

25 


A coagulation time of 5 minutes « 50 per cent thrombm, of minutes «■ 25 
per cent thrombm, etc 


As mdicated, between 4 and 8 mmutes after addmg CaCl to the fibrmogen free 
prothrombm, there was a sudden liberation of thrombm If Ca salt was added to 
the same unhealed prothrombm, containing fibrmogen coagulation occurred m 4§ 
minutes comcident with the sudden hbcraUon of thrombm and the concentration 
of thrombm m the fluid expressed from the clot was either the same or less than 
that formed m the absence of fibrmogen, dear evidence that thrombm is not a by 
product of coagulation 

As was originally believed by Schmidt m 1876 (quoted from Morawitz), and 
contrary to the contention of Wooldndgc (quoted from Morawitz), Nolf, Stuber, 
and Pickering (1928) the process of coagulation may therefore be separated mto 
at least two dislmct reactions 

Plasma factor + platelet factor + Ca — ♦ thrombm 
Thrombm + fibnnogen — * fibrm 
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The Role of the Plasma Factor, Prothrombin, m the Coagulation Process 

The term prothrombin (thrombin precursor) was applied to the 
plasma factor by Schmidt long before the essential role of Ca salts and 
blood platelets had been discovered However, the ejfperiments illus- 
trated in Figs 1, 2, and 3 indicate that the term is stiil apphcable, for 

Pen 

cent 



Fig 1 Sho\Mng that the amount of thrombin formed depends upon the quan- 
tit> of prothrombm used 1, 2, 4, and 8 cc of platelet-free prothrombm solution 
(page 534) -f- 1 cc of a platelet suspension tenfold concentrated as compared to the 
ongmal plasma -f 1 cc 0 1 m CaCb -f 0 85 per cent NaCl to 10 cc The tlirombm 
formation was followed quantitatu ch b> the method of page 534 

the plasma constituent seems to be tlic true thrombin-precursor, 
mereh acti\ ated bj Ca and platelets to form thrombin As is shown 
in the figures, the amount of thrombin ultimatcl} formed from a mix- 
ture of these three reagents is independent of the amount of Ca, plate- 
lets, or cephahn used, but ^arles directly with the amount of the 
plasma factor Ihe tlirombm was measured by the method described 
on page 535 Although the figures gi\ e the results wnth horse plasma, 
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Similar results were obtained with dog, rabbit, and human prothrom 
bm, using either a suspension of cephahn or platelets as the activator 
The plasma factor has therefore been correctly termed prothrombin, 
although its chemical nature, hke that of thrombin, remains unknown 
We have been unable to confirm its ready adsorption by colloidal 
Mg(OH) or Caa(POt)2 as claimed by Fuchs and Hartmann, in our 


Pen 

cent 



Fio 2 Showing that platelets accelerate the rate of thrombin formation, but 
do not aflect the total quantity formed. 1 cc horse prothrombin solution + 
varying amounts platelet suspension (20-fold concentrated) -b NaCl to 2 cc. +01 
M CaClj 0 1 cc 

hands only a small fraction (< 10 per cent) is so adsorbed, and that is 
difficult to recover The identity of prothrombm with complement 
mid piece as claimed by von Falkenhausen and by Fuchs (1929a,5) is 
highly questionable Mid piece, by defimtion, is that component of the 
hemolytic factor of fresh serum which is earned down completely upon 
dilution with HjO and shght acidification with c g CO , while, as Bier 
has shown, prothrombm is only earned down m part by this procedure 
Indeed, we have found that the supernatant fluid, restored to the proper 
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pH by the addition of NaOH (approximately 0 1 cc of 1 NaOH per 
cc serum used), and to proper tonicity by the addibon of NaCl (1/19 
Its volume of 17 per cent solution) clots readily upon the addition of 
Ca in sufficient quantity to counteract the citrate or oxalate used in 
preparing the plasma Such coagulation proves the presence of pro- 
thrombin, measured quantitatively, about half of the prothrombin 

Per* 

cent 



Fig 3 Showing that ccphalin accelerates the rate of thrombin formation, but 
does not affect the total quantity formed 1 cc of horse prothrombm solution 
(platelet-free) x-at^mg amounts of a ccphalm suspension + NaCl to 1 5 cc -}- 

0 5 cc. M CaClj 


finding incompatible 

ombm for the 
substance is 
The term 
m pro- 
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The RSle of the Platelet Factor {Cephaltn?) tn the Formation of Thrombin 

The importance of the blood platelets for coagulation is clearly 
shown by the fact that even partial removal by centrifugmg citrated or 
oxalated blood at high speed tends to retard coagulation upon sub- 
sequent recalcification, and as Cramer and Pringle showed, if the 
platelets are removed completely, as by Berkefeld filtration, coagula 
tion may be completely prevented If the latter experunent is re 
peated quantitatively, one obtams results similar to those summarized 
in Fig 4 The addition of platelets to Berkefeld filtered plasma causes 
a progressive and striking mcrease m the velocity of coagulation upon 
recalcification, from an initial coagulation time of > 3000 minutes to 
one of 1-3 rmnutes Clearly, the often quoted fact that the blood of 
patients with purpura hemorrhagica may clot despite platelet counts 
as low as 20,000 does not disprove their partiapation in coagulation 
In the experiment of Fig 4, the ongmal plasma clotted in 14 rmnutes 
upon recalcification, complete removal of the platelets by Berkefeld 
filtration rendered the plasma non coagulable [cf page 535), and as 
httle as 1/20 or even 1/50 of the ongmal platelet concentration sufficed 
to restore its coagulabihty Platelet counts of even 10,000 per c mm 
represent a quantity adequate to cause a slow but complete trans- 
formation of prothrombin to thrombin and of fibrinogen to fibrin 

The use of the terms thrombokmase and thrombozyme for the 
platelet factor is to be discouraged, inasmuch as these terms imply that 
it IS an enzyme or a coenzyme facilitating the production of thrombin, 
a hypothesis for which there is some evidence, but which certainly 
cannot be regarded as proved 

Howell (1912) and Rumpf have shown that a hpoid present m 
most animal tissue, which both Howell, and Gratia and Levene have 
identified as cephalin, was an adequate substitute for platelets in the 
coagulation process Howell therefore suggested that when platelets 
disintegrate in shed blood they liberate cephalin, which then partici 
pates in coagulation However, as both Howell and Rumpf have 
shown, if platelets are extracted with lipoid solvents, only a small 
fraction (in our hands, less than 10 per cent) of their coagulating 
activity IS recovered in the lipoid solution Possibly, as Howell has 
suggested, the active component of platelets is a cephahn protein 
complex which is more efficient than the cephahn itself 
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Numerous workers (Bayne- Jones, Christie, Davies, and Stewart, 
and Fuchs (1929, 1930) view the platelets not only as a source of a 
cephalm-like substance, but also as a source of prothrombin This 
finding, however, we have been unable to confirm In our hands, 
horse, rabbit, or dog platelets washed free of plasma do not contain 
significant or even demonstrable quantities of prothrombin, while 



Amount oj PIa.telet Suspension 

Fig 4 The effect of platelet concentration upon the velocity of coagulation 
Varying amounts of platelet suspension, 50-fold concentrated as compared to 
the original plasma, were added to platelet-free plasma prior to the addition of 
CaCb The original plasma clotted m 14 minutes, as indicated by the arrow 
m the figure 

their coagulating activity as platelets is quantitatively the same as in 
tlie original plasma (Protocol 2) 

Protocol 2 Showing That Platelets Contain no Demonstrahlc QiiaiUities of Pro- 
thrombin —A suspension of washed horse platelets in 0 85 per cent NaCl -was pre- 
pared, 25-fold concentrated with respect to the origmal plasma (page 535) The 
coagulation time of a platelet-free horse plasma was restored to normal by the 
addition of 1/25 volume of this suspension (c/ Fig 4), mdicating that the coagulat- 
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mg activity of the platelets had not been impaired by the washing To 20 cc of 
the platelet suspension was added 1 cc of 0 1 it CaCU and the thrombm activity of 
the whole suspension and of the supernatant fluid tested at mtervals (2, 4, 8, 16, 
32, and 64 mmutes after the addition of the CaClj) No demonstrable thrombm 
appeared while a solution of prothombm prepared from the same platelet free 
plasma developed very active thrombm upon the addition of CaDj and a trace of 
cephalm 

Suspending the platelets in HsO instead of salt solution for 1 hour prior to the 
addition of CaCI and NaCl m sufficient quantity to restore isotomcity with blood 
had no effect on the results, and the use of oxalated instead of citrated blood was 
likewise meffective Qualitatively the same results were obtained with rabbit 
and dog platelets In only one instance was prothrombm demonstrated m a horse 
platelet suspension, after treatment with HjO and CaClj and m that case the 
quantity was less than 1/200 that present m the platelet free plasma suggestmg 
mdeed that the prothrombm originated from traces of plasma mcompletely 
removed by washing, rather than the platelets themselves Platelets, therefore, 
have not been demonstrated to contribute significant quantities of prothrombm, 
then effect m coagulation rests upon their cephalm like activity m accelerating 
the formation of thrombm 

How platelets (or cephalm) accelerate coagulation has hitherto 
remained an open question The use of a quantitative method dis- 
closes the fact that they do not affect the total amount of thrombm 
produced, but act by accelerating the rate of thrombm production 
(Protocol 3 and Figs 2 and 3) The more platelets used, the more 
rapid IS the appearance of thrombm and the subsequent coagulation, 
but the total amount of thrombm formed if the process is allowed to 
proceed to equilibrium in the absence of fibrinogen depends solely 
upon the amount of prothrombm used 

Protocol 3 Shovnng That Platelets atid Cephalin Accelerate Coagulation by 
Increasing the Rate oj Thrombin Pormalxon, without A^eciing the Qiianiity of 
Thrombin Produced — Prothrombm was prepared from platelet free horse plasma 
non-coagulable by Ca (page 534) heated to remove fibrinogen (page 534), and 1 cc 
was placed m each of a senes of tubes. Serially mcreasmg quantities of a con 
centrated platelet suspension (page 535) or of a cephalm suspension were added, 
the volume adjusted to 2 cc. and 0 I cc of 0 1 u CaCU added to each tube At 
vanous mtervals 0 1 cc of each solution was withdrawn and quickl> added to 1 cc 
of horse fibrinogen solution the \ cloaty of coagulation servmg as a quanUtati\ c 
measure of thrombm activity (page 535) In plotting the results m Figs 2 and 3, 
the maximum quantity of thrombm formed has been taken as 100 

Similar results were obtained with rabbit and human plasma prothrombm and 
platelets 
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amount and rate of tlurombm formation in the first reacbon are in- 
dependent of the presence or absence of fibrinogen After a variable 
latent penod, thrombin suddenly appears in large quantities, com 
cident with or immediately preceding the deposition of fibnn if 
fibrinogen is present 

3 The amount of thrombin formed in a mixture of prothrombin, 
Ca and platelets is independent of the platelet or Ca concentration, 
and depends primarily upon the amount of prothrombin used The 
platelets (or cephahn) enormously accelerate the transformation of 
prothrombm to thrombin, and this acceleration seems to be their phys- 
iological r6}e m the coagulation process 

4 Contrary to previous reports, platelets have not been demon 
strated to contam significant quantities of prothrombin 

5 The available data do not allow any defimte decision as to 
whether the platelet factor actually combmes with prothrombin to 
form thrombin, or merely catalyzes the transformation The very 
slow formation of thrombin in the complete absence of platelets may 
be due to dissolved traces of platelet material released during the 
physical manipulation of the plasma (centrifuging, Berketeld fil- 
tration) 

6 There was no evidence for a speaes specific activity of platelets 
in the transformation of prothrombm to thrombin 

(The bibhography for both papers is given at the end of the second 
paper (page 553) ) 
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n The Formation or Fibrin trom Thrombin and Fibrinogen 

By harry eagle* 

{Vrom Ihe Department of Physical Chetnistry tn the Laboratories of Physiology^ The 
Harvard Medical School Boston, and the Deparlmeni of Bacteriology, 

School of Medicine, University of Painsylvania, Philadelphia) 
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The RSle of Calctum tn the Coagulation Process 

Two problems with respect to the action of Ca m coagulation are of 
particular interest Is calcium an intrinsic part of thrombin, and (2) 
IS calcium an intrinsic part of fibrm? Thrombin is not formed from 
prothrombin unless Ca is present, but as m the case of ccphalm, there 
IS some difference of opimon as to whether the calcium actually com- 
bines with prothrombin to form thrombin (Pekelhanng (quoted from 
Morawitz), Morawitz, Herzfeld and Klinger) or whether it merely 
accelerates the transformation According to Ixiucks and Scott, the 
addition of citrate or oxalate to thrombin results in a complete loss of 
activity This, however, we have been unable to verify The cal 
aum in a solution of horse thrombin may be precipitated quantita 
lively with oxalate without affecting the coagulating activity of the 
preparation (Protocol 1) 

Protocol 1 Showing That the Addition of Oxalate or Citrate to Horse Thrombin 
Docs not Residt in Loss of Activity — Thrombin was prepared from horse plasma as 
described on page 534 to the solution was then added 1/20 volume of 0 5 m 
sodium oxalate, a fourfold excess as compared with the amount of CaQj originally 
present After 20 mmutes, the preapitatc was centrifuged at high speed and the 
supernatant fluid carefully decanted and dramed. 

Serial quantities of the supernatant fluid were added to 1 cc of atrated solution 
of horse fibrmogen, and the coagulation limes noted A typical experiment 
follows 
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Thrombin, cc , added to 1 cc fibrinogen 

0 2 


0 05 

0 025 

0 0125 

0 0062 

Coagulation time with untreated throm- 







bm 

7 


23 

60 


1 

Coagulation time with oxalated thrombm 

n 

H 

30 

65 




Loss inactivity caused by adding oxalate to thrombin solution = < 10 per cent 

The precipitate -was washed once with cold water acidified with CO 2 to minimize 
re-solution of the Ca-oxalate, redissolved m hot H 2 SO 4 , and the free oxahc acid 
titrated m the usual maimer with KhlnO^ The amount of Ca recovered m the 
precipitate was, withm the limits of experimental error, exactly that origmally 
added to the prothrombm solution 

Ca added to 10 cc prothrombm solution 0 5 cc 01 m CaClj = 0 00005 mole 

Ca recovered as Ca oxalate 0 000049 mole 

0 000053 mole 

It should be pointed out that the results of Protocol 1 do not exclude 
the possibility that thrombin is some sort of a Ca compound, either 
an ionized compound present in such minute molecular concentration 
as not to exceed the solubihty product of calcium oxalate (eg < 
0 OQOOl M Ca) or, present as a complex salt with a dissociation 
constant even less than that of Ca-oxalate or Ca-citrate The experi- 
ment of Rabinovich, although as yet unconfirmed, is interesting in this 
connection According to this investigator, electrodialyzed thrombin 
clots oxalated plasma, but fails to clot electrodialyzed plasma unless 
Ca salt is added, indicatmg that the rmnute quantity of ionic Ca 
present in the oxalated plasma suffices to activate the formed throm- 
bin, but that Ca is nevertheless essential for the thrombm-fibrmogen 
reaction In summary, it is an open question whether Ca is an in- 
trmsic part of the thrombin ^ 

Much more conclusive data are available with respect to whether 
calcium IS an intrinsic part of fibrin Hammarsten had always mam- 
tained that fibrm was not a Ca-protein compound, and cited conclusive 
analytical data to prove his point Recently however. Mills and 
Guest have revived the suggestion of Arthus and Pages that such was 
the case, that calcium present in thrombin solutions combined stoi- 
chiometrically with fibrinogen to form fibrin 

1 WoUisch and Paschkis seem to have disproved the contention of Vmes that 
the active Ca is part of an organic complex rather than the simple Ca ion 
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The quantitative relationships here presented seem to confirm the 
original view of Hammarsten As shown m Protocol 1, it was possible 
to recover the calcium quantitatively from a thrombin solution with 
out affecting its coagulating activity Even if we allow a S per cent 
error m the determmation of calcium, it follows that 10 cc of the ox- 
alated thrombin contained less than 0 1 mg Ca Yet 10 cc of such a 
thrombin solution clotted 2000 cc of a 0 9 per cent fibrmogen solution 
to form 16 3 gm of dry fibnn The maximum ratio of Ca to protein 
in this fibrin was 1 160,000, and unless we assume a molecular weight 
for fibrinogen of the order of 1,000,000, or unless we make the unlikely 
assumption that 1 molecule of calcium combmes with SO or 100 mole 
cules of fibrinogen, this excludes stoichiometric combination of calcium 
with fibrinogen as an essential preliminary to the coagulation of blood 
If thrombm is a calcium compound, a matter which is still open to 
question, thrombin and fibrinogen do not react stoichiometrically 

The Present Status of the Problem As to the Nature of the Thrombin 
Ftbnnogen Reaction 

As in the case of prothrombin, the chermcal nature of thrombm is 
entirely unknown As already mdicated, it can be prepared calcium 
free, withm the limits of expenmental error, but this fails to exclude 
the possibility that it is a cafaum compound. Whether the platelet 
factor IS an intrinsic part of thrombm, or whether it merely catalyzes 
its formation, is also an open question {of page 544 of the preceding 
arbcle) 

The nature of the reaction between thrombm and fibrinogen is un 
known Originally the process was believed to be enzymatic, but most 
of the workers in the field are now inclined to view it as a simple 
stoichiometric combination between the two reactants W^e do not 
believe that the available evidence, summarized in the followmg 
paragraphs, justifies any definite conclusion between these two 
theories, hut the weight of evidence does seem to favor the enzymatic 
theory The pertinent experimental data are as follows 

1 A given thrombm preparation may, under favorable conditions, 
coagulate 1000 times its own dry weight of fibrin For example, 10 cc 
of a horse thrombm solution (technique of Eagle, page 534) containing 
0 21 per cent protein, clotted 3000 cc of a solution of horse fibrmogen 
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containing 1 52 per cent fibrinogen The supernatant fluid expressed 
from the clot contained 0 15 per cent protein Even if we correct for 
the possibility that all the thrombin protein is adsorbed in the clot 
this implies that 21 mg of a thrombin preparation had formed 4100 
mg of fibrin Remembering that these thrombin preparations are 
very crude, the active constituent probably representing only a minute 
proportion of the total protein, this implies that thrombin can trans- 
form many thousand tunes its own weight of fibrinogen to fibrin 
Such a disparity strongly suggests an enzyme reaction 

2 It has been claimed as evidence for the stoichiometric combina- 
tion of thrombin with fibrinogen that there is a linear relationship 
between the amount of thrombin used and the amount of fibrin formed 
(HoweU (1910), Rettger) However, as indicated in Protocol 2, and 
Fig 1, the determination of the quantitative relationships is a very in- 
exact and misleadmg experiment With a large excess of thrombin 
(right side of figure) the fibrinogen is coagulated almost quantitatively, 
within a few hours, and the amount of fibnn fowled depends solely upon 
the amount of fibrinogen used As less and less thrombin is used, 
coagulation becomes slower and slower, and equilibrium becomes in- 
creasmgly difficult to define If the clot is expressed after 24 hours in 
the icebox, the supernatant fluid often clots afresh, and fibrin may be 
formed continuously for as long as 72 hours By this time more than 
75 per cent of the thrombin has deteriorated spontaneously or has been 
adsorbed by the clot, invalidating the eqmhbrium results obtained, 
and with very small amounts of thrombin, coagulation is so slow, and 
the clots formed so tenuous, that the results are devoid of quantitative 
sigmficance In the figure this is indicated by the dashed portion of 
the curve The quantitative relationships between thrombin, fibrino- 
gen, and fibrin therefore offer no clue to the nature of the reaction 

Protocol 2 The QuanMahve Relationships between Thrombin and Fibrinogen — 
Senally increasing quantities of thrombin -were added to each of a senes of tubes 
contaimng a constant quantity of fibrmogen Salt solution was added to all the 
tubes to tbe same total volume, the tubes were shaken and placed at 2°C for 24 
hours The clots which formed were carefully expressed with a glass rod, and the 
supernatant fluid replaced at 2°C The secondary clot was agam expressed, and 
the supernatant fluid replaced at 2°C for a 3rd day The final supernatant fluids 
were tested for N content (Nessler reagent, Koch-McMeekm method) The 
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difierence between the N originally present in the fibrinogen solution and that m 
the final supernatant fluid gives the amount of fibnn N m the clot The maximum 
error introduced by disregarding the thrombin N amounts to less than 10 per cent 
A typical experiment is summarized m Tig 1 

3 One of the distinguishing features of enzyme reactions is that the 
enzyme itself may not be significantly destroyed during the reaction 

Pep 
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Fig 1 The quantitative relationships between thrombin fibrinogen and 
fibnn Thrombm solution « 0 099 per cent protem Fibnnogen solution •=* 
1 30 per cent protein Total volume always 9 cc. • ■■ — • , 8 cc fibnnogen 

solution, O 0, 4 cc , X X, 2 cc , V v, 1 cc 

which It accelerates Usmg a quantitative method of measuring free 
thrombm (Eagle, page 535), we find that when thrombin and fibrinogen 
are muted, there is no decrease in the free thrombm concentration 
until the very moment of coagulation, when a large proportion sud- 
denly disappears from the fluid, presumably having been taken up into 
the clot (Fig 2) Klmke observing the process of coagulation nephelo 
metrically obtained an exactly similar type of curve upon plotting the 
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degree of turbidity against time, which suggests that the disappearance 
of thrombin parallels the appearance of visible fibrils It is to be noted 
that the amount of thrombin which disappears is many times greater 
than the minimal quantity necessary to coagulate fibrmogen The 
long latent period, the speed with which the disappearance of thrombin 
proceeds once it begins, and the amounts; involved are difficult to 
reconcile with either the theory of simple combination between 
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Time After Mixture of Thrombin with Fibrinogen 
Fig 2 Showing that the disappearance in a thrombm-fibrinogen mixture 
comcides with the begmnmg of coagulation Arrows in the figure mdicate 
beginnmg gelation 

thrombin and fibrmogen or the theory of enzyme action The 
thrombin may perhaps be carried down mechanically with the clot 
4 Tsunoo has clearly demonstrated that the kinetics of the fibrino- 
gen-thrombin reaction foUow no simple equation such as that of 
bimolecular reaction, and offer no clue to the nature of the reacbon 
As he points out, and as we have been able to confirm, none of the 
various “formulas” (Fuld) correlating the coagulation time with some 
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exponential of the thrombin or fibrinogen concentration holds through 
out the entire range of concentrations, and none offers any clue to the 
nature of the reaction 

S Fuld claimed that thrombin and fibrmogen were speaes specific, 
that IS, that a thrombin derived from a given type of plasma would 
dot the fibrmogen derived from that same species either exdusively or 
preferentially In our hands, however, rabbit, human, dog, guinea 
pig, or duch thrombin will clot any of these fibnnogens or plasmas, 
and the velocity of this coagulation offered no evidence of species 
preference 

SOMMARY 

Although calcium is essential for the formation of thrombm, it can 
be recovered quantitatively from formed horse thrombin without 
affecting its coagulatmg activity Citrate also has no sigmficant 
effect As stated in the text, this does not exdude the possibdity that 
thrombm is actually a calcium compound present m minute concen 
tration, but confirming the results of Hammarsten, it does show that 
fibrin cannot be a calcium protem compound unless one assumes molec 
ular weights for fibrmogen greater than 1,000,000 

Although the avadable experimental data concemmg the properties 
of thrombm, the kmetics of its reaction with fibrmogen, and the quan 
titative relationships between the two do not allow a defimte decision 
as to whether thrombin is an enzyme analogous to renmn, or whether 
it combmes with fibrmogen to form an insoluble compound, fibnn, 
the weight of evidence does favor the enzyme theory A given quan- 
tity of thrombm can form at least 200 times its weight of fibnn, and 
in view of the crudeness of the preparation this ratio is probably many 
times greater There is no apparent stoichiometric rdationship 
between thrombin and fibrmogen, and thrombm does not disappear 
from a mixture of the two until the moment of coagulation, the quan 
tity which then disappears is many times the imnimal quantity neces 
sary to form the amount of fibrin produced 
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QUANTITATIVE STUDIES ON THE PHOTOLETHAE 
EFFECTS OF QUARTZ ULTRA-VIOLET RADIATION 
UPON PARAMECIUM 

By A C GIESE and P A LEIGHTON 
{From the Departments of General Biology and Chemistry^ Stanford University) 

(Accepted for publication June 4, 1934) 

Relatively few quantitative studies of the photolethal effects of 
ultra-violet light upon protozoa have been made 

Apparently the earliest attempts were those of Dreyer (1903) who found that 
cysts of Arnebae were thirty three times as resistant to the carbon arc hght passed 
through a quartz system as were the active forms He also demonstrated (1904) 
that there is a considerable range of susceptibihty of vanous mfusonans to such 
radiation, and that slight dosages of radiation might kill the mfusonans after a 
lapse of time 

Hertel (1905) using a thermopile, determmed the relative mtensities of mon 
ochromatic light of each of the following wave lengths 2100, 2320, 2800, 3340 
and 3830 A He showed that at equal mtenatics, the shorter the wave length the 
greater is its destructive action upon Paramecium and that 3340 and 3830 A had 
practically no effect. Usmg two approumabon methods for detemunmg the 
absorpUon of ultra violet hght by protoplasm — the fluorescence of the rabbit 
cornea and the mcrease m bactenadal time when the cornea is mterposed between a 
culture of bacteria and the beam of light — ^Hertel concluded that the shorter the 
wavelength the greater the absorpUon by the cornea and possibly by all cells and 
added that for a given amount of energy absorbed at any wave length the destruc 
Uve acUon is probably the same. 

Sonne (1929) and Weinstem (1930) attempted to determme which of the 
wave lengths of the quartz mercury arc arc most destrucUve to Parameaum 
Both made comparisons on the basis of the total energy delivered per mm * to 
kill Sonne found 2804 A most effecUve. Weinstem found the wave lengths 
2537,2654 2804 3020 and 3130 A effecUve to 96 4 100 87 4 20 0, and 110 per 
cent, takmg the most efBaent wave-length (2654 A) as 100 per cent his Inadcnt 
energy necessary to kill the Paramecia varied from 2 162 ergs/mm at 2654 A to 
19 629 ergs/mm * at 3130 A 

Recently Swann and del Rosano (1932) found that the wave-lengths 2536 and 
2894 A killed Eughnae readilj while 3132 and 3654 A had pracUcally no effect. 
On their photomicrographs of Euglenae taken through a quartz microscope the 
557 
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nucleus appeared much darker than the cytoplasm at 2536 and 2894 A but mdis- 
tmguishable from it at 3132 and 3654 A By reading the photonncrographs 
•with a densitometer, they were able to obtam the total extinction coefficients at 
the given wave-lengths 

It has been shown that the lethal effect of quartz ultra-violet radia- 
tion on protozoa is strongest at the shorter wave-lengths, apparently 
becoming quite weak at 3130 A However, the data as to the most 
effective of the lethal wave-lengths are conflicting and no absorption 
measurements are available 

It, therefore, appeared desirable to the authors first, to attempt to 
determine the wave-length of maximal photolethal efficiency upon a 
protozoan cultured in some standardized manner and second, to 
measure the absorption of the lethal wave-lengths by this ammal 

Materials 

Paramectum mulhnncronuckata, a large and easily cultured form, was chosen 
as the experimental animal The clone isolated was grown at 26° db 0 1°C on a 
smgle stram of bacteria m 0 1 per cent lettuce mfusion, buffered with 0 0075 m 
KH2PO4 titrated to a pH of 7 0 with NaOH Test tubes containmg 15 cc portions 
of the stenie medium were moculated with Psettdomonas ovahs, and, 24 hours later, 
twent)’- Paramecta of a healthy done were added Such cultures showed closely 
correspondmg numbers at comparable times The cultures were used on the 
3rd day when vigorous development occurred 

A water-cooled quartz-mercury arc givmg a constant output at high mtensity, 
runmng on 2 2 amperes and 250 volts, was used as the source of radiation The 
monochromator consisted of two crystal quartz lenses and a Cornu equilateral 
prism 5 cm high and 7 2 cm on a side Both the arc and the monochromator 
have been described elsewhere (Leighton and Forbes, 1929, Leighton and Blacet, 
1932) The exposure chamber is illustrated m Fig 1 Light entenng sht S from 
the monochromator is focused to a parallel beam by lens L (5 cm diameter) and is 
reflected from the nght angle prism P(3x2X42cm) through the reaction cell 
C containmg the organisms to be irradiated T is the thermopile just above the 
reaction cell WTien the thermopile is removed, a low power bmocular (20 X) can 
be placed over the reaction cell and the Paramecta may be observed m the fluo- 
rescent hght from the right angle pnsm 

Two reaction cells were used No 1, made by grmdmg a depression 1 mm 
deep and 8 mm m diameter m a plate of crystal quartz, was used for lethal dosage 
studies, No 2, constructed by cementmg a piece of glass tubing 6 35 mm m 
diameter to a co'stal quartz plate with chicle and grmdmg the tubing to a length 
of 1 mm , i\as used for absorption measurements Both cells were thoroughly 
cleansed before usmg 
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The line thermopile was constructed by one of the authors the line being 
approximately 1 mm. wide and 24 IS mm long and containing 20 silver to bismuth 
junctions, with blackened tm foil radiators, m senes It was moved m slot s[ 
(Fig 1) across the upper surface of the reaction cell, by tur ning a screw (millimeter 
thread) extcndmg to the extenor of the exposure chamber A D’Arsonval high 
sensitivity galvanometer was used m senes with the thermopile The thermopile 
was calibrated agamst lamps C 80 and C-81 obtamed from the Bureau of Stand 
ards, and the thermopile factor (22 4 ergs/sec. per mm of beam width per cm 
galvanometnc deflection) was then corrected for the reflection of hght from the 



quartz wmdow of the thermopile to apply to ultra violet wave lengths (Leighton 
and Leighton 1932) 

Frocedure 

After the arc had been m operation for half an hour and had attamed constancy, 
an intensity rcadmg was made with the reaction cell No 1 filled with distilled 
water Similar readmgs were made at 2 to 3 hour mtervals during the da> and 
plotted. The mtensity for a given experiment was then read directly from the 
graph. It was foimd most convenient to leave the cell uncov ered howcv er, a small 
measured drop of distilled water was added to focus the hght upon the thermopile. 
In the time necessary for mtensity readmgs very httle evaporation occurred. 
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To study the photolethal effects upon Farantectum, fifty mdmduals from a 
standard culture were transferred mto the same reaction cell and culture medium 
was added until the meniscus was plane (The use of greater numbers of Para- 
mecia was found undesirable smce it made accurate counts difficult ) To prevent 
evaporation from the surface of the reaction cell, smce the exposure lasted from 30 
mmutes to over an hour, a glass cell was placed over it to form a moist chamber, 
and the edges of this chamber were penodically coated with water Smce only 
hght of wave-lengths shorter than 2000 A produces ozone at atmospheric pressure 
(Dhar, 1931) it was not thought necessary to seal the Paramecta from contact 
with air 

In photolethal studies a problem of great importance is the choosing 
of an end-point A consideration of the visible effects of hght upon 
Paramecium will make clear the most useful criterion of the lethal 
dose Upon first being irradiated at wave-lengths 2537, 2654, 2804, 
and 3025 A, the Paramecta show slight stimulation, then a gradual 
decrease m activity accompanied with a shortemng and broadening 
of the individual Next, the contractile vacuoles become huge spheres 
with the canals enlarged, seemingly jelled, standmg out like the rays 
of a star The ciha of the body then take on an uncoordinated, slow 
beat and the only movement occurring is a rotation on the long axis 
due to the beat of the oral cilia The oral cilia may next be inac- 
tivated However, vesiculation often occurs before the oral cilia are 
inactivated and in some cases even while some of the body cilia are 
stiU active The vesiculation usually occurs with the formation of a 
clear vesicle at the posterior end, although at wave-lengths 2537 and 
3025 A many vesicles may form When the internal contents of the 
animal are forcibly ejected into a vesicle, it bursts and the Paramecium 
disintegrates leaving a mass of scattered granules in Brownian move- 
ment In the experiments reported here vesiculation was chosen as 
the criterion of death because it is an end-pomt easily observed and 
therefore not subject to so much individual interpretation Further- 
more, It IS proportional to dosage of irradiation as wiU be noted from 
Fig 2 

During irradiation, the Paramecta were observed periodically (2 
minute mtervals after the first effects appeared) and the number 
immobilized or begmning to vesiculate was recorded opposite the time 
elapsed since the beginnmg of irradiation 
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Since during the greater part of the experiment Paramccia tend to 
swim at random on each side of the horizontal midplane of the reaction 
cell, the intensity of the light at this midplane is a more accurate meas 
ure of the average intensity of the hght strikmg the Paramecta (The 
absorption by the twenty five Paramecta on the average between 
front and midplane of the cell can be neglected ) Therefore, the 
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Fig 2 Rate of vesiculation after irradiation (a 2S37 A) 


midplane intensity (/„,, the intensity at 0 5 mm depth of culture 
medium) was calculated by applying Lambert’s law 
The total energy necessary to produce a given effect consists of two 
factors — the intensity and the time Theoretically, either oneimght 
be varied to produce this effect However, if we keep the intensity 
constant for different wave lengths, irradiation with hght of the less 
destructive wave lengths will kill only after a longer lapse of time, 
and, if protoplasmic recovery occurs, the results at different wave- 
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lengths will not be comparable Therefore, the time required to 
produce an effect at different wave-lengths was kept roughly the same, 
the intensity being varied, the experiments were arranged in such a 
way as to be completed roughly within 40-60 minutes To prevent 
errors which might occur from temperature changes the reaction 
chamber was maintained at from 25-27°C 
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RESULTS 

Comparahve Phoiolelhal Effictemtes of Different Ulira-Vwlet 

Wave-Lengths 

Fig 3 gives the numbers of Paramecta immobilized and vesiculated 
for a given amount of irradiation at wave-length 2537 A 
Fig 4 shows the relative efficiencies of the wave-lengths 2537, 
2654, 2804, and 3025 A in inducing immobilization of body cilia. 
Fig 5, in inducing vesiculation In both cases the same sequence is 
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found 2804, 2654, 2537, and 3025 A The wave length 3130 A is 
omitted since prelmunary studies showed that it had no destructive 
effects upon Paramecta even after several hours of intense irradiation 
Both graphs are reproductions of smoothed curves The standard 
deviation, <r, of the experimental points from the mean, and the prob- 
able error, E„ have been calculated and are included on Fig 5 It is 
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Fig 4 Immobilization of body cilia at X’s 2537, 2654, 2804, and 3025 A 

evident that the difference in photolethal efficiencies of the cited wave 
lengths IS many times the largest probable error and several times the 
deviation from the mean for a given wave-length, therefore the order 
of effectiveness has statistical significance 

Absorption Measurements 

While a comparison of the photolethal efficiencies on the basis of 
the incident energy is mterestmg, it would be more significant to mate 
the comparison on the basis of the absorbed energy 
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Although 1 mm of the culture medium absorbs about 20 per cent 
of the mcident radiant energy at the lethal wave-lengths, it is not the 
agent of the photolethal effect If the medium is first irradiated with 
a dosage usually sufficient to loll Paraimcia and healthy Paramecia 
are then introduced mto it, they are in no case injured In fact, they 
remam comparable to controls even after 18 hours Similar results 
are obtamed when healthy Paramecia are added to medium m which 
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Fig 5 Vesiculabon of Paramecium at X’s 2537, 2654, 2804, and 3025 A 

Paramecia have just been photolyzed It appears, then, that the 
photolethal effect is a direct one — due to the absorption of radiant 
energy by Paramecium 

The determmation of the absorption of ultra-violet light by Par- 
amecium offers considerable difficulty smee the extinction of ultra- 
violet light by a suspension of Paramecia is due not only to absorption 
but also to scattermg of the light and there is no convenient method 
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available for measuring tins scattering However, it should be possible 
to get an estimate of it by applying a modification of Ra>leigh’s law- 
relating scattenng and wave length, providing the relative scattering 
at several visible wave lengths is known 

The scattenng m the visible spectrum is readiij seen by vieiving the Parameaa 
•through a microscope placed at right angles to the beam of light in v-hite light the 
Paramecia appear white, m blue Ught blue, etc. When placed between the visible 
hght and the eye they appear translucent mdicating little, if any, absorption 
Therefore the extmction of visible hght by Paramma mterposed between the 
thermopile and the beam of hght is due chiefly to scattenng 

The scattenng measurements were suflficiently accurate only when o\ er 1 000 
Paratnecta were present in the reaction cell This concentration was attamed m 
the followmg way A culture was centrifuged for 30 to 60 seconds with a force 
equal to about 10 tunes gravit> The supernatant fluid was then drawn off and 
balanced salt medium was added after which the Paramecia vsere gently shaken 
into suspension After repeating the process the supernatant fluid ^ as w ithdrawn 
and the concentrated suspension of Paramecia was transferred to a watch gloss 
The Paramecia were then taken up m a pipette, and, when they had gathered m 
dense aggregations at its tip they were pipetted into Cell 2, until a phne meniscus 
was obtained A drop of distilled water was then added which served not only 
to give the convex meniscus necessary, but also to rouse the Paramecia to swun 
across the cell thus exposing maximum surface After the measurements had been 
taken, the Paramecia were removed from the reaction cell, and counted The 
total extinction measured divided by the number of Paramecia gives the amount 
of hght extinguished (m visible light) per Paramecium The data for illustrative 
experiments at 5794 and 4350 A are given in Table I It w'as necessary to use a 
different set of Paramecia for each measurement Even with all precautions 
taken some Paramecia died m every experiment except two As they cytolyzed 
they exposed much more surface effective m scattenng No correction could be 
made for a given number dead as the degree of disruption vaned 

To calculate the percentage of inadent light scattered it is necessary to know 
the area occupied by a single Paramecium and the number of layers of Paramecia 
m the reaction cell The effective area of Paramecium is approximately the area 
of a median sagittal plane This was obtained by dtagrammmg a Paramecium to 
scale on graph paper and after assigning appropriate units correspondmg to the 
actual length and width counting the squares m the diagram. In this manner the 
area of an average sized Paromrcittm 250 by 65 imcrons from the 3rd day standard 
culture was found to be 0 0106 mm.* As the reaction Cell No 2 had an area of 
31 8 mm*, the Paramecia needed to entirely cover its surface with one layer 
thickness would be 3,000 As in most of the experiments reported less than half 
this number of Paramecia were used It can be safely assumed that for most of the 
time the Paramecia were present os a single layer Only experiments in which 
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Pmavtccia remained in constant movement throughout were recorded, when 
aggregations formed, the data were discarded The calculated percentages of 
scattermg m the visible light are given m Table I It will be seen that at 5794 A 
18 per cent and at 4350 A 22 per cent of the mcident light was scattered 

Teorell (1930) showed that for colloidal sols scattering is inversely 
proportional to the wave-length raised to some power less than 4 
(the value assigned by Rayleigh for particles very small in size com- 
pared to the wave-length of the light) It is probable that the scatter- 
ing by the colloidal particles of the protoplasm of Paramecium is 
similarly related to a lower power of the wave-length If the ratios 
of the refractive indices of the protoplasm of Paramecium are assumed 
to be constant at different wave-lengths, it should be possible to obtain 
an approximate law of scattering by this protoplasm by inserting ex- 
perimental values for scattering at two visible wave-lengths in the 
equation 

since the various constants would cancel out Using for Si and 
the values obtained above for scattering in the yellow and blue light 
(Table I), one finds = 0 7 

Having an approximation of the fraction of the extinction due to 
scattering, one can obtain the fraction of the extinction due to absorp- 
tion, by subtracting the scattering from the extinction The ex- 
tinction of ultra-violet light was obtained by the method already 
described for measuring the extinction of visible light Notwith- 
standing the considerable error due to cytolysis, the measurements 
were of the same order of magnitude Since the scattering corrections 
are approximate, the data on extinction are sufficiently accurate to 
show major differences in absorption such as those between the three 
shorter wave-lengths (2537, 2654, 2804 A) and 3025 A, and between 
the latter and 3130 A, but not accurate enough to disclose the minor 
differences between the three shorter wave-lengths More accurate 
measurements might be obtained by using the method for determining 
extinction employed by Swann and del Rosario and correcting for the 
scattering in the manner herein described However, a quartz micro- 
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scope was not available for this purpose An example of extinction 
(Jip) at each wave-length and mean values for five such measure 
ments are given in Table I It will be noted that the order of mag- 
nitude of the extinction is similar to that found by Swann and del 
Rosario for Etiglena The absorption (lap) of light of each wave 
length was calculated and added to Table I 

table I 


Absorption by Paramecium 


Wfcvc-letijUi 1 

of 1 

i’drttiMcta 1 

I 

j p 

ip 

Ip i 

h 

A 

1 



trr ttni 

ptr ctni 


5794 

2125 

58 5 ' 

16 

16 ' 

— 1 

~ 



1 

18 ^08 

18 ± 0 8 

0 1 

— 

4350 
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37 7 1 

24 ' 

24 






22 ±07 

22 ± 0 7 


— 

3130 

1620 

24 8 

33 




1 



32 2 ± 1 7 

28 


0 02 

3025 

1750 

10 3 

44 



— 



1 

42 6 ± 2 2 

25 

1 14 6 

1 0 07 

2804 

2100 

4 7 

50 

__ 

1 — 

— 

1 

1 



62 0 ± 4 0 

1 30 

1 32 0 

0 17 

2654 

2100 

mm 

60 

, 

— 

— 



■H 

62 1 db 6 2 

1 31 

1 31 I 

1 0 16 

2537 

2160 


60 

1 

— 

— 



mm 

65 5 ±2 0 

1 32 

1 33 5 

0 18 


The absorption coefiicient hp for a Paramecium (a quantity indc 
pendent of the intensity) may be obtained from Lambert’s law 

logio Itp/Ip ™ Ip 

if 1, and the I ,p/Ip ratio are known for a single Paramecium Since 
Paramccia were present in a single layer, 1, is the thickness of a single 
Paramecium, which is fairly constant, varying closely about a mean, 
for the 3rd day standard culture, and may be ignored in the calcula 
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tion / tp/Ip can easily be determined as follows the energy incident 
upon the Paratnecmm, Ip, could be obtained by multiplying the energy 
delivered per mm 2 , 4 , by the area of a Paratnemm, 0 0106 mm^ 
The intensity of the light transmitted through a Parafnemmt, hp, 
IS the incident intensity, Ip, minus the absorption, /ap,at the given 
intensity The absorption coefficients calculated m this manner 
for the average intensity and absorption values at each wave-length 
are given in Table I 

The photolethal efficiencies of the lethal wave-lengths can now 
be compared on the basis of the number of quanta which must be 
absorbed to produce 50 per cent vesiculation by calculating the energy 
absorbed per second, multiplying by the time m seconds necessary to 


TABLE n 

Quantum Efficiency of the Lethal Dose 


Wave- 

leu^ 

1 

Av/a 

1 

/tv 

Ip 1 ves. 

Absorp- 

tion 

lap i ves 

Quanta to i ves 

A 

eriS 

ergs 

ergs 

pir cent 

ergs 


2537 

10 3 

7 76 X 10-“ 

2 31 X 10» 

34 

7 9 X 10 

10 1 X 10“ 

2654 

6 2 

7 42 

1 97 

30 

5 9 

8 0 

2804 

5 3 

7 01 

1 63 

32 

5 2 

7 5 

3025 

12 2 

6 55 

3 16 

15 

4 8 

7 3 


induce 50 per cent vesiculation, and dividing by the quantum for the 
particular wave-length The results are summarized in Table II 
It will be noticed that the wave-lengths 2654, 2804, and 3025 A 
are about equally effective, the differences being within the experi- 
mental error, while the wave-length 2537 A is less efficient This 
lower efficiency of 2537 A may be due to its greater absorption by the 
surface of the Paramectuvi as suggested by Sonne (1929) or it may be 
that the difference is only apparent and due merely to the slower onset 
of the changes leading to vesiculation 

DISCUSSION 

How does the energy absorbed by the Paramecium act in bringing 
death? Perhaps the most inclusive theoretical formulation of its 
possible mode of action is that of Bovie (1918) The absorption 
of light by the molecules of protoplasm, he says, results in photo- 
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chemical changes with the formation of toxic photoproducts Then 
follow secondary changes which may be due to the reaction between 
the diffused toxic photoproducts and the materials m various regions 
of the cell Dependmg upon the technique employed by the investi- 
gators these secondary changes may be detected as changes in per- 
meability, changes in coagulahihty of the proteins, visible changes, 
etc Certain parts of protoplasm, because they absorb more radiation 
(e g parts of the nucleus), or, because their constituents ate more sus 
ceptible to mjury from radiant energy, may be more profoundly 
affected in the initial reactions than others, and may therefore be the 
centers of destruction of the cell Sonne (1929), noticing different 
visible effects of different wave-lengths on Paramecium, states that 
different substances in protoplasm may show preferential absorption 
and dissimilar reactions at different wave-lengths, e g shorter wave 
lengths may be so completely absorbed by the surface lipoids that the 
mam effects might be surface phenomena while the longer wave lengths 
may penetrate the cell and act mtemally 

A number of investigators have attempted to identify the sensitive 
substances in the cell Hams and Hoyt (1919) thought that since the 
absorption bands of proteins are due to absorption by tyrosine and 
phenylalamne, these two amino acids might act as sensitizers, absorb- 
ing the radiation and tiansfemng it to other materials in the cell 
They showed that a solution of tyrosine screened Paramecia effectively 
against lethal ultra violet radiations Burge (1916) attempted to 
determine whether the enzymes of the cell are the sensitive consbt- 
uents After irradiating gelatm hqucfying bactena with a dosage 
sufBcient to kill, he ground them up and added the alcoholic extract 
to gelatm and found that the liquefaction resulting was equivalent 
to that brought about by living bactena Gates (1928) suggests that 
since the absorption by nucleoprotein derivatives at different wave- 
lengths matches the reaprocal of the curves for the relative bacteri- 
adal effectiveness of these wave-lengths, the sensitive matenals arc the 
nucleoproteins 

Blum (1933) has recently suggested that the pnmary tone photo 
product resulting from the absorption of ultra violet radiation may 
be HjOi He has shown that HjOj is the toxic agent m the photody 
namic effect and that thermodynamic considerations support the 
possibihty of formation of HjOj in the ultra violet 
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To induce vesiculation in Paramecium in the experiments here re- 
ported, a tremendous number of quanta must be absorbed (Fig 6) 
In fact, a good proportion of the molecules in a Paramecium are 
probably affected before vesiculation, since some 10^^ quanta have 
been absorbed before 50 per cent vesiculation has occurred (Table II) 
and, on the rough assumption that all the molecules of a Paramecium 
have the average size of an albuimn molecule, a Paramecium would 



Fig 6 Survival-absorption curve (2654 A) Curve I, experimental 
II, curve expected on the smgle-hit hypothesis 


0 ) 

I 


Curve 


have some molecules Of course, certain molecules may absorb 
many quanta before vesiculation occurs It is self-evident that the 
single-hit-to-kiU hypothesis advanced for the lethal effects of cathode 
rays and x-rays upon bacteria (Wyckoff, 1932) is inapplicable for 
immediate death of Paramecium, as a result of irradiation with ultra- 
violet light 

It seems desirable to extend the present work to include a study of 
the temperature coefficient of photolethal vesiculation, the differential 
susceptibihty of Paramecia of different stocks in different states and 



A C GIESE AND P A LEIGHTON 


571 


under different conditions, the threshold dosage for killing and the 
sublethal effects of ultra violet hght before attempting to add to the 
anal3isis of the action of the absorbed hght 

SDWMARV 

Paramccta grown under controlled condibons were irradiated at 
known intensities of light of wavelengths 2537, 2654, 2804, 3025, 
and 3130 A The approximate absorption of the light by the Par 
vtccta was found to be greatest and of the same order of magnitude at 
the three shortest wave lengths, considerably less at 3025, and least 
at 3130 A 

Paramccta did not die when irradiated with high dosages of intense 
light of wave length 3130 A At the other wave lengths 50 per cent 
vesiculation occurred when between 10” and 10” quanta had been 
absorbed by a Paramecium This would indicate that a very large 
number of molecules m a Paranuxum are affected before vesiculation 
occurs 
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THE RELATION BETWEEN CHLOROPHYLL CONTENT AND 
RATE OF PHOTOSYNTHESIS 
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I 

INTRODDCTION 

This work was undertaken in an attempt to discover whethera quan- 
titative ratio exists between chlorophyll content and the rate of 
photosynthesis 

Plester (1912), working with yeUow, light green, and normal varieties of a 
number of plants, found no direct conelation between the chlorophyll content and 
the rate of photosynthesis WiUstSUer and Stoll (1928) working with excised 
leaves of yellow, etiolated, chlorotic, and normal plants, likewise found no direct 
relation between the two In neither case were measurements of stomatal aper 
tures made It is therefore possible that m the excised leaves the stomates were 
not wide open and that the rate of photosynthesis was bmitcd by a deficient supply 
of carbon dioxide 

Likewise, even in chlorotic leaves, the intensity of mcident light is greatly 
diminished by passing through a leaf Consequently all chloroplasts may not be 
adequately illuminated and Ught may become a limiting factor In normal or 
dark green leaves this source of error is even greater because the chloroplasts 
which are furthest from the surface of mcident hght may receive very httle light 
This results m a high rate of photosynthesis for the surface chloroplasts and a low 
rate for the more deeply buned ones The experimentally measured rate of photo- 
synthesis can then be only an average of the two From this it is evident that the 
work of both Plester (1912) and Willstllttcr and Stoll (1928) is open to question on 
the ground of limiting light and possibly of limiting carbon dioxide 

Chlorotic leaves are often produced on unhealthy plants having an abnormal 
metabolism- The photosynthetic rate of chloroplasts in such leaves is probably 
different than the rate of chloroplasts in hcalUiy leaves Emerson (1929) to 
avoid as much as possible an abnormal cell metabolism, grew Chloretla vulgans m 
nutnent solutions lacking iron but containing 1 S per cent glucose Hie cells 
thus produced were chlorotic but by obtaming sugar from the culture medium 
they grew fairly well Usmg graded amounts of iron m a senes of cultures he v as 
able to produce varying amounts of chlorophylL In any particular senes he 
573 
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found a definite relationship between the chlorophyll content and the rate of 
photosynthesis His conclusions are based upon two parallel curves, one con- 
taining five points and the other four points Since so few data were given in his 
paper and since different series showed such great differences when compared one 
with another, and since iron may have affected the cell metabolism, this work was 
undertaken to see if the same relationship existed between chlorophyll content 
and the rate of photosynthesis when the chlorophyll was varied by other elements 
such as magnesium and nitrogen Likewise it was thought desirable to find out if 
all iron senes curves were parallel or whether some were and others were not, and 
whether there was a definite relationship existing when all curves were plotted on 
the same sheet 

If no other factor is limiting, and if there is some relation between 
chlorophyll content and rate of photosynthesis, it seems likely that 
equal amounts of chlorophyll should cause equal rates of photo- 
synthesis 

Deficient iron undoubtedly affects the cell metabolism, other than 
through its effect on chlorophyll In this work therefore, senes 
were run m which the chlorophyll content was varied by furnishing 
graded amounts of magnesium and nitrogen as well as iron In this 
manner an element not in the chlorophyll molecule, and metallic and 
non-metallic elements in the chlorophyll molecule were used to control 
the chlorophyll content If a direct ratio were found for the iron, 
magnesium, and nitrogen senes, then it would appear as if there were 
a definite relationship between the chlorophyll content and the rate of 
photosynthesis 

In the correction for respiration, Emerson (1929) states that fluctua- 
tions were so slight that a uniform correction of 8 0 mm ® of oxygen 
per hour for 10 mm ® of cells could be applied Working at a tem- 
perature of 25°C , which was 5° higher than Emerson used, we found 
that for the same time and volume of cells the respiration varied from 
8 0 to 22 0 mm 3 of oxygen The respiration readmgs of cultures m 
the same series varied less than those m different series Emerson 
(1929) gives a set of respiration readings for a given series which 
vanes from 6 7 to 110 mm ® of oxygen Possibly if be bad run respira- 
tion determinations on all series, his photosynthetic curves might have 
been closer together 

In this work no correlation between the chlorophyll content and the 
rate of respiration was found In some cases the more chlorotic cells 
had the higher rate and in other cases the greener cells had the higher 
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rate Since the rate of respiration varied over such a wide range, it 
was thought that the most accurate means of correctmg for it was to 
make a separate determination with each culture 
The organism used by Emerson (1929) was CMorella viilgans, while 
in this work a pure strain of Chlorella of undetermined species was 
used This culture was obtained through the courtesy of Dr E F 
Hopkins of the Laboratory of Plant Physiology at Cornell University, 
and IS of the same strain as that used by Hopkins and Wann (1926), 
and by Hopkins (1930) 

u 

Method of Varying Chlorophyll Content tn Chlorella Cells 

A number of elements are ated in the literature as affecting the formation or 
disappearance of cholrophyll Vanous workers have shown that chlorosis may be 
produced by deficienaes of mtrogen, potassium, phosphorus, caJaum, magnesium, 
sulfur, iron andUtamum or by excesses of potassium or chlonne 

The stock cultures of Chlonlh were earned along on dextrose potato-agar slants 
in test tubes To inoculate a senes a loopful of cells from such a slant was 
suspended m stenle distilled water and a defimte volume of the suspension added 
to 100 cc of stenle nutnent solution m a 250 cc Erlenmeyer with a stenle 
pipette A 200 watt Mazda unfrosted bulb was used as the source of light The 
culture flasks were arranged m a circle around the bulb at a radius of 21 cm The 
bulb was elevated 25 cm above the center of this circle, so that the flasks of culture 
solutions were about 32 cm from the source of light A dull white reflector, 
42 cm in diameter was placed above the source of light to diffuse the light more 
evenly over the cultures This arrangement gave satisfactory light conditions 
for the growth of Chlorella 

Determinations of photosynthesis and chlorophyll content were made after 3 to 
6 days of growth, at the end of which time the cells bad obtamed a good gradation 
of chloroph>U content This method produced pure cultures of Chlorella which 
IS a necessary prerequisite for a significant determination of photosynthesis The 
gradation m chlorophyll was produced by varying the amounts of iron magnesium 
or mtrogen added to the culture medium 

The nutnent solution was that of Emerson (1929) somewhat modified It had 
the following composition 

1 Chlorophyll Gradaiwn Produced by Varyi7tg the Iron Concentration 


2 NaCeHfiOr 11 HjO (Baker) I 00 gm 

KNOs (Baker) I 26 gm 

MgSO* (Baker) 2 4C gm 

KH PO4 (Kahlbaum) 1 22 gm. 

Glucose (Kahlbaum) 15 00 gm 

Distilled water 1000 00 cc. 
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This medium contams a slight amount of iron as an impunty but the cultures 
low m iron gave a sufficiently low chlorophyll content for the purpose of this work 
Var3nng amounts of a standard iron solution were added to cultures of the above 
composition, so as to give iron concentrations varymg from zero to two parts per 
milhon The standard iron solution was prepared by dissolvmg 1 0018 gm of 
iron wire of 99 84 per cent purity in 10 per cent hydrochloric acid by volume, usmg 
heat Chlorme gas was prepared by addmg concentrated hydrochloric acid to 
crystals of potassium permanganate This gas was bubbled through the solution 
m which the iron wire had been dissolved After the solution had been saturated 
with chlorme gas, it was evaporated to dryness on a water bath The residue was 
taken up m IS cc of concentrated hydrochloric acid and made up to 1 liter with 
distilled water This made a convenient standard solution containmg 1 mg of 
iron per cubic centimeter 

2 Chlorophyll Gradation Produced by Varying the Magnesium 

Concentration 

The same nutrient solution was used as for the iron experunents except that 
sodium sulfate (Baker) was substituted for magnesium sulfate m the ratio of 1 42 
gm for 2 46 gm , and that 10 mg of iron per liter were added This solution 
contamed such a shght amount of magnesium as an impunty, that white cells 
could be produced m the cultures low m magnesium A standard solution of 
magnesium was prepared by dissolvmg magnesium chloride m distilled water, so 
that the concentration was 1 mg of magnesium per cc Varymg amounts of this 
standard solution were added to the cultures so as to give concentrations rangmg 
from 0 02 to 2 0 parts per million 

3 Chloi ophyll Gradation Produced by Varying the Nitrogen 

Concentration 

The nutrient solution was the same as for the iron experiments, except that 
potassium chloride (Baker) was substituted for potassium nitrate in the ratio of 
0 94 gm for 1 26 gm , and that 10 mg of iron per liter w'ere added As with the 
cultures low in magnesium, very low amounts of chlorophvU could be obtained 
with the cultures low m mtrogen The standard solution of nitrogen was prepared 
by dissolvmg potassium nitrate m distilled water so that the concentration was 10 
mg of mtrogen per cc Varymg amounts of this solution were added to the 
cultures so as to give nitrogen concentrations ranging from 10 to 80 parts per 
milhon 


in 

Determination of the Rate of Photosynthesis 

The manometnc method used for measurmg the rate of photosynthesis and of 
respiration was developed by Warburg (1919) usmg the sunple or blood-gas manom- 
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eterofBaraoft and Haldane (1902) Warburg (1919, 1924, 1931) and Fmerson 
(1929) used this method m their photo^thetic work vnth Chlortlla Descriptions 
of the method as given by Warburg and Emerson are summarized m the author^s 
thesis (Fleischer, 1933) 

In this work the Chlorclla cells were centrifuged out of the culture medium and 
suspended in Warburg’s carbonate muturc 9^ 1 cc. of this suspension containing 
a known amount of cells, usually from 8 to 15 mm *, and 6 cc of the carbonate 
mixture were placed m the vessel, submerged m the ^ennostat, lUummatcd, and 
shaken for an adjustment penod of 10 mmutes Durmg this penod the stop-cocks 
must be closed to allow the water vapor m the gas space to come to equilibrium 
with the carbonate mixture At the end of the adjustment penod the stop-cocks 
are opened momentarily while the liquid levels m the manometer arms are bemg 
leveled and then closed during a run If the stop-cocks are left open dunng the 
adjustment penod and closed at the begimung of a tun, then the water vapor 
equilibnum will not have been attained and the vapor pressure of the carbonate 
mixture will cause an increase m pressure in the manometer, thereby making the 
rate of photosynthesis appear greater than it really is 

Durmg a run the amount of gas evolved for 30 mmutes m the hght was deter 
mmed and added to the amount absorbed m the dark dunng the next 30 mmutes, 
thereby giving the amount of orygen evolved m photosynthesis 

To show that the environmental conditions under which photosyn 
thesis was measured were not toxic to the Chlortlla cells, determinations 
were made from several different cultures in which the rate was mcas 
ured every IS mmutes, for at least 75 minutes 


TABLE I 

Relation belvccn Time and Amount of Plwtosynihcsts 


Timo 

j mm* ol eoygen produced 

1 Ter &.0 mm.* of cells ' 


Per 9 2 mm.* of cells 

min 




IS 



21 1 

IS 



21 3 

15 

26 6 


22 6 

IS 

25 7 

32 8 

23 9 

15 

25 9 

33 1 

23 5 

15 

26 1 

33 4 


15 

25 5 

32 6 



^ Warburg s carbonate mixture Number 9 is composed of 15 ca of 0 10 mol 
sodium carbonate plus 85 cc. of 0 10 mol sodium bicarbonate 
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These data are plotted on the accompanying graph Since the 
curves are straight lines they indicate that the rate is constant with 
time and that no significant toxic effect is evident at the end of 60 
nunutes 

To show that the intensity of light used in photos 3 mthesis was non- 
hmiting, determinations of photosynthesis were made with various 
dilutions of the same culture If the weaker dilutions gave a propor- 
tionately higher rate of photosynthesis, it would indicate that m the 
more concentrated suspensions, the cells nearest the light were shading 
those furthest from the light But if all of the dilutions gave propor- 
tionately the same ratio withm the experimental error, then light 
would not be lirmting The data below are plotted in the accompany- 
ing graph and indicate clearly that the intensity of light was great 
enough to be non-hmitmg for the process of photosynthesis, since all 
of the dilutions gave the same proportionate rate of photosynthesis 


TABLE n 

Efccl oj Light upon the Rate of Photosynthesis using Various Dilutions of the 

Same Culture 


Tune 

mra • oxa-gen produced per cell volume indicated 

9 2 mm • 

4 6 mm * 

3 2 mm • 

m\n 




15 

21 1 

10 3 

4 5 

15 

21 3 

10 9 

5 5 

15 

22 6 

10 3 

5 5 

15 

23 9 

11 4 

5 8 

15 

23 5 

10 5 

5 5 

mm ’ Oyhr per 9 2 mm ’ 




of cells 

89 9 

85 4 

85 6 


The light from a 500 watt Mazda projection bulb, concentrated and made 
parallel b}' a plano-convex lens v as thrown on the cell suspension through the glass 
side of the thermostat The hght mtensitj’’ mcident on the Warburg vessels was 
75,000 lux as measured by a Weston lUummation meter, model 603 

The thermostat used was a DeKhotinsky constant temperature bath which 
mamtamed the temperature constant to withm 0 OOZ^C as checked by a Beck- 
mann thermometer To correct for changes m atmospheric pressure, a control 
^ essel was filled with 7 cc of carbonate mixture, immersed, and shaken m the 
water bath, while a photosj-nthetic run was bemg made with the other vessels 
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containing Chlorella cells Warburg (1919) used an empty vessel as a control and 
later (1924) used a vessel contammg Rmger’s solution The change m pressure 
m the control vessel was appbed as a correction to the pressure readmgs of the 
other vessels to eliminate the efltect of changes in temperature or barometric 
pressure 

The volume of gas absorbed m the dark was added to that evolved m the light 
dunng an equal penod of time, thereby correctmg for respiration The gas 
volumes were expressed as mm ^ of oxygen per 10 mm ® of cell volume or per 
SO sq cm of cell surface and plotted agamst their respective chlorophyll content 
The latter were expressed respectively as gm of chlorophyll per 10 mm ^ of cell 
volume or per 50 sq cm of cell surface 

Cell volume and cell surface were measured as follows The diameters of 200 
cells were measured with an ocular micrometer under an oil immersion lens The 
volume and surface of a smgle average cell were calculated from the diameter 
The average number of cells per cubic centimeter for five samples of cell suspension 
was determmed with an American standard haemacytometer The product of 
the volume of an average cell and the number of cells per cubic centimeter gave the 
total volume of cells per cubic centimeter of cell suspension Similarly the total 
cell surface per cubic centimeter of cell suspension was obtained The probable 
error of the method was calculated from the formula 

Probable error of a single observation is equal to 

0 6745 

The probable error as expressed as per cent of the mean was 3 03 per cent 

The cell volumes used for determmation of photosynthesis were between 8 0 
and 15 0 mm ® of cells as stated above Smce the same type of Warburg glass 
vessels were used as those employed by both Warburg and Emerson, the cell 
constants are of the same order of magnitude In our work the cell constants 
ranged from 0 49 to 0 60 The manometric readmgs ranged from 20 to 400 mm 
showmg that enough oxygen was evolved to give a significant reading Any 
experimental determination of less than 20 mm was discarded since experimental 
errors might affect such low readings 

IV 

Delerminahon of Cldorophyll Content 

The various methods of chlorophyll determination as given in the 
literature are summarized below 

Gravimetric — Willstatter and Stoll (1928) 

Colorimetric —Maiwald (1923), Schertz (1928), Deuber (1928), 
Oserkowsky (1932), Guthrie (1928), Sprague and Troxler (1930), 
Harriman (1930) 
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Spectrometnc — Schertz (1928) 

Spectrophotometnc — Wunnser and Duclau'? (1921), van den 
Honert (1929), Emerson (1929), Emerson and Arnold (1932) 

Spectrograpiuc — ^Le-wko'witsch (1928), Dastur and Buhanwalla 
(1928), Dastur and Desai (1933) 

Spectrocolornnetric — ^Monteverde and Lubimenko (1913), Hub 
benet (192S), Zaitseva (1928, 1929), Lubimenko and Hubbenet 
(1932) 

Since this work dealt ■with chlorotic cells, the amount of chlorophyll 
to be extracted was too small to be measured gravimetrically Colon 
metric, sptctrophotometric, and spectrocolorimetnc readmgs may be 
influenced by substances dissolved out of the cells by the extracting 
solvent Therefore the per cent of error ■would increase as the 
chlorophyll content decreased and at very low ranges the determina- 
tion of chlorophyll would be unsatisfactory Likewise since the 
amounts of chlorophyll to be extracted are so small, it would be ex 
tremely difficult to separate quantitatively the green pigments from 
the rest of the plant extract 

The spectrographic method was tried using a Bausch and Lomb 
quartz spectrograph However, the edges of the absorption bands 
at chlorophyll ranges near the extinction point are not as clear and 
definite as the results of Dastur and Buhanwalla (1928) would seem 
to indicate Consequently the position of the curve and its apex 
point could not be determined sharply 

In an attempt to eliminate these sources of error an apparatus was 
devised whereby the extinction point of an absorption band was 
determmed spectrocolorimetrically A spectroscope was mounted 
over a single colorimeter tube in which the depth of chlorophyll 
solution could be vaned 

Front and side views of the apparatus arc shown Fig 3 5P is the spectro- 
scope with £ the eyepiece and 5 the sht end In all of the work a slit opening of 
100 m was used G is a Coming filter of heat resisting signal glass No 243 
and 3 12 mm thick. This filter absorbs all of the visible spectrum except a band 
in the red from 6160 A to 6960 A The absorpUon band of chlorophyll used lies in 
the center of this visible band let through by the glass filter This elimination of 
the rest of the spectrum allows the observer s eye to concentrate better on the 
absorption band and to detect with greater case the presence or absence of the 
absorpUon band near the extmcUon pomt Since the absorption band Is con 
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trasted with the strips of the spectrum adjacent to the hand, the diffusion of hght 
by dissolved or suspended substances does not matter The absorption band from 
6520 A to 6700 A used m this work lies m the region of maximum absorption of 
chlorophyll a and i and outside of the range of absorption of carotm and xantho- 
phyll Emerson (1929) used this same band in his work 

C IS the glass colorimeter tube m which the depth of chlorophyll solution may be 
varied by raismg or lowermg the plunger P m the tube T 0 is the three-way stop- 
cock for draiiung the system at the end of a determmation M is a, mirror which 
reflects light from L, a 25 watt mtemally frosted Mazda bulb, up through the glass 
bottom of the colorimeter tube 


Side view Front view 



Fig 3 Apparatus for chlorophyll determmation 


A standard^chlorophyll solution was prepared from a sample of pure crystal 
chlorophyll (a b), obtamed through the courtesy of Dr Frank Schertz of the 
Bureau of Plant Industry, U S Department of Agriculture This standard 
solution con tain ed 0 0144 gm of chlorophyll per hter of methyl alcohol Known 
dilutions were made, placed m the colorimeter tube, and the depth of solution at 
n hich the absorption band just faded out was determined After several weeks of 
runmng such determmations the human eye becomes very sensitive m the detection 
of this extmction pomt and fairly good checks could be obtamed In each case at 
least five depth readmgs w ere made and averaged 
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A set of readings is given below to show the amount of variation 
The concentrations of chlorophyll are given in percentages of the 
standard solution and the depths in milhmeters at which extinction 
of the absorption band occurred 


TABLE in 

Amount of Varxahon *n Delerfnvtation of Zlxtinclton Points 


1 

! 

1 Standard solution of chlorophyll 

1 6 per cent | 

10 per cent ! 

13 per cent 

IS percent 

1 


mm ' 

mm 

nm 

Depths at which cxUnction oc 


15 1 

10 6 

9 8 

curred 


13 6 

n 5 1 

9 4 



14 6 

21 3 

9 2 



13 4 

ID 6 

9 7 


23 1 

1 14 5 

10 9 

10 0 

Average 

23 7 tnm 

1 

1 14 2 mm 

11 0 mm 

9 6 mm 


Fot purposes of calculation a column of chloTopb>U solution 1 sq cm m cross 
section was used as a basis To show that the amount of absorption was directly 
proportional to the concentration of the solution extinction readings were made 
for a senes of dilutions m the same range as that used m the experimental v. ork 


TABLE IV 

Rflation between Absorption of Light and Amount of Chlorophyll 


Standard solution 

Depth at 
which exlinctlon 
occurred 

Vol of solution in 
tube 1 sq cm 
in area when extiee 
tiQo occurred 

"l™ ’ « ™ 

fer enl 

mm 

a 

gm tm 

6 0 

23 7 

2 37 

\ 0 00000086 « 0 00000205 

10 0 

14 2 

1 42 

X 0 00000144 • 0 00000204 

13 0 

11 0 

1 10 

X 0 00000187 •» 0 00000206 

IS 0 

9 6 

0 96 

X 0 00000216 - 0 00000207 

Average 



0 00000206 


Hence when looking through a column of solution 1 sq cm in cross section the 
absorption band just fades out when 0 00000206 gm of chloroph>ll are present m 
that column of solution regardless of the volume of the solvent To illustrate 
Assume that at a depth of 20 mm the absorption band has just faded out 
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Therefore m a column of that solution, 1 sq cm m area, there would be 2 cc 
contammg 0 00000206 gm of chlorophyll If there were 50 cc of the ongmal 
solution, then there would be a total of (0 00000206 X 50)H - 0 0000515 gm of 
chlorophyll m that solution In this maimer the chlorophyll content of any 
solution may be determmed 

In Table III the variation between any two settmgs does not exceed 10 per cent 
Hoi\ever, when the average of five determmations is compared with any other 



Ch-loDophyll in gm. 10"^ 
pcesent at extinction point in 50 cc of solution 

Fig 4 Extraction curve for absorption band between 6520 A-6700 A 


average as in Table IV, the vanation drops to 1 5 per cent After the prehmmary 
work, an average of ten settings was used so that the vanation would be still less 
This new method of visual determination of the extraction of an absorption band 
is therefore quite accurate for chlorophyll measurement 

To facilitate the computation of the chlorophyll content, the accompanying 
graph (Fig 4) was constructed The depth in centimeters at which the extraction 
of the absorpUon band occurred is plotted agarast the grams of chlorophyll present 
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m 50 cc. of solution at the extinction point The extinction depth having been 
determined m the colorimeter, the corresponding amount of chlorophyll may be 
read off from the graph 

Emerson (1929) extracted the pigments from ChlonJla cells ^ith methyl alcohol 
but he does not state the techmque used Emerson and Arnold (1932) washed 
the ChlorcUa cells with distilled water and then poured boihng water over them and 
let them stand for 2 minutes The cells were then centrifuged out of the water 
and extracted with methanol until white In our work a known amount of cells 
was boiled in methyl alcohol for 2 minutes, the cells centrifuged to the bottom of 
the tube, and the clear supernatant chlorophyll solution poured off The cell 
residue was suspended m methyl alcohol, agam centrifuged, and the supema 
tant liquid added to the first extract This solution was made up to a volume of 
50 cc. with methyl alcohol and the chlorophyll content determined as described 
above 

This method produced pure white cell residues and for completeness and ease of 
extraction was found to be superior to any of the follow mg 

1 Repeated gnndmg of the cells with a mortar and pestle in 80 per cent or 100 
per cent acetone, 95 per cent ethyl alcohol, ethyl ether, or methyl alcohol 

2 Shaking the cells m an International bottle shaking machme for an hour 
with any of the above solvents 

3 Emerson and Arnold’s method (1932) as described above 

4 Boihng for S minutes m any of the above solvents except methyl alcohol 

5 A combination of any of the above except boiling m methyl alcohol 

To find out whether boihng m methyl alcohol decomposed the 
chlorophyll, readings were made on three samples of a 15 per cent 
standard solution of chlorophyll One sample was left unboiled, 
the second was boiled for 1 minute, and the third was boiled for 5 
minutes The data below show that boiling in methyl alcohol for as 
long as 5 minutes caused no significant decomposition 


TABLE V 

Effect of Botltng tn Methyl Alcohol upon the Decomposition of Chlorophyll 


Treitmeot ^ 

Depth at 
wuch 
exOQction 1 
occurred 

Vol of 
lolutioo n 
tube 1 $t} 
cm. in area 
when 1 
extinction i 
occurred j 

Chlowte'll 

1 

nm 

» 1 

<« r" 

Unbofled 

9 6 

0 96 j 

\ 0 00000216 - 0 00000207 

Boiled 1 mm in methyl alcohol 

9 7 

0 97 1 

\ 0 00000216 - 0 00000210 

Boiled 5 min in methy I alcohol 

9 7 


\ 0 00000216 - 0 00000210 
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The differences are within the experimental error of the determina- 
tion, mdicatmg that boihng in methyl alcohol for 2 minutes, as done 
in the experimental work, caused no sigmficant decomposition of the 
chlorophyll 

The absorption band used was that within the limits of 6520 A and 670 A, 
when a depth of 43 6 mm of a 13 per cent standard solution was used This band 
was then 180 A wide when hght passed through a column of solution 1 sq cm in 
cross-section and contammg 0 00000815 gm of chlorophyll This solution was 
considerably stronger than the extinction concentration m order to determme more 
sharply the edges of the absorption band At the extmction concentration the 
band is somewhat narrower and the edges are not so distmct 

V 

DISCUSSION OF RESULTS 

Since all of the series belonging to any one group, for example all 
of those deficient m iron, were treated identically except for the amount 
of iron added, it is not necessary to plot each individual series sepa- 
rately If they are plotted separately, some curves are parallel and 
others are not, whereas if all are plotted together on the same sheet, 
a definite hnear relationship between chlorophyll content and amount 
of photosynthesis is evident This illustrates the danger of using too 
few data as done by Emerson who has only two curves and nine deter- 
minations In some cases his curves differ by 100 per cent which he 
does not regard as significant In our work a total of 104 determina- 
tions were made upon which the conclusions are based 

A Experiments vnth Chlorophyll Gradation Produced by Varied 

Iron Concentration 

The deficiency of an element may alter the relation between cell 
volume and chlorophyll content or between cell surface and chlorophyll 
content and thereby influence the rate of photosynthesis Therefore 
the data were calculated so that the results were expressed on a cell 
volume basis, on a cell surface basis, and on a basis independent of 
surface or of volume If the curves are similar, regardless of the 
manner of expression, then it indicates that the element has not 
affected the rate of photos)mthesis by any effect upon the cell surface 
or cell volume 
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It Will be apparent that while surface and volume curves might be 
similar they could not be identical vath only a change in scale This 
latter result is due to variations m cell diameter Clilorclla cells 
which have been grown under identical conditions of light, tempera- 
ture, and nutrient solution, will exhibit a normal variation in average 
cell diameter of as -much as 5 microns An example will illustrate 
why these variations prevent surface and volume curves from being 
identical with only change of scale 10 mm * of cells with an average 
cell diameter of 10 microns have a total cell surface of 60 0 sq cm , 
whereas the same volume of cells with an average cell diameter of 
15 microns have a total cell surface of 39 9 sq cm Although the 
volumes are equal the surfaces differ considerably Therefore surface 
and volume curves are not identical with only change in scale, and 
furthermore, they could not be, unless the average cell diameter were 
equal 

The three different types of graphs, surface, volume, and mde 
pendent, were made in order to deterrmne whether surface or volume 
somehow had a specific influence upon the rate of photosynthesis 
For example if there existed a better proportionality between 
chlorophyll content and rate of photosynthesis in the surface plotting 
than m the volume plotting, we might expect that diffusion of oxygen 
out of or carbon dioxide into the cells was a controlling factor But 
since all three types of curves were similar it shows that neither 
surface nor volume play any special r61e in controlling the rate of 
photosynthesis 

Ihe data for the three cases are plotted on the accompanying 
graphs In each case there is a linear relationship between the rate 
of photosynthesis and the chlorophyll content indicating that the 
results are not appreciably influenced by the manner of expression 
In each case the curve passes through the origin, showing that the 
rate of photosj nthesis does not drop off sharply as the chlorophyll 
content decreases, but that there is a continuous and steady decrease 
in both quantities as the origin is approached 

In the results of the series given m his paper, Emerson (1929) 
obtained two curves, parallel but somewhat separated In neither 
case did his curves approach the origin Thej also flattened out 
asymptotically at the higher chlorophyll ranges In contrast to his 


Oxygen evolution 
in mm.^ / hn j 10 c| cell volume 
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curves, the data here presented form a straight line curve passing 
through the origin In this work there were three cultures in a senes 
and when curves of different senes were compared, some were parallel 
and others were not But when the results of all of the senes were 
plotted on the same sheet, a linear relationship was evident Possibly 
if Emerson had run more senes he might have found the same situa 
tion existing 

In order to have a complete range of chlorophyll content, deter 



ininations were made with cells grown in a full nutrient solution 
These results are plotted on each of the graphs for iron, nitrogen, 
and magnesium and the points are indicated by instead of by 
circles In each of the iron graphs, the full nutrient points he close 
to the curve, indicating that even at this high chlorophyll content, 
chlorophyll is limiting the process of photosynthesis 
In none of the results was any correlation found between chlorophyll 
content and the rate of respiration 
The results of the twelve iron series, thirt> five cultures in ail, 
given in this paper support Emerson’s conclusion that the rate of 
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0 2 4 6 8 


Chlorophyll an gm xlO*® 
pep 50 sc| cm cell surj^ace 


Fig 9 Nitrogen surface plotting 
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photosynthesis is proportional to the chlorophyll content when the 
latter is varied by varying the iron concentration However, the 



Chlorophyll in gm xlO"^ 
per 50 so cm cell surface 


Fig 12 Magnesium surface plottmg 



Chlorophyll in, gm 10 ^ 


Fig 13 JMagnesium independent plotting 

curves given here differ from those of Emerson as explained above 
and appear to substantiate his conclusion better than his own data 
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do, since his curves do not form a straight line passing through the 
origin 

B Experiments with Chlorophyll Gradation Produced by Varied 
Nitrogen Concentration 

The data for this set of experiments were treated the same as the 
data for the iron experiments and the results plotted on a surface 
basis, on a volume basis, and on an independent basis in the accom 
panying graphs In each case there is a linear relationship between 
the rate of photosynthesis and the chlorophyll content Each curve 
IS a straight hne intersecting the abscissa shghtly to the right of the 
origin Since low nitrogen results in low vegetative growth, this 
offset may be due to the retardation of photosynthesis by the accu 
mulation of carbohydrates 

The full nutrient determination also lies close to these curves, 
indicating that chlorophyll is still hmitmg the process of photosynthe- 
sis at this high chlorophyll content 

The results of the seven nitrogen senes, twenty one cultures in all, 
given in this paper indicate that the rate of photosynthesis is pro- 
portional to the chlorophyll content, when the latter is varied by 
varying the nitrogen concentration 

C Experiments unth Chlorophyll Content Varied by Varying the Mag 
nesiHtn Concentration 

The data for this set of expenments were treated the same as the 
data for the iron and nitrogen expenments and the results plotted on 
a volume basis, on a surface basis, and on an independent basis in the 
accompanying graphs It was noted that cells, chlorotic through 
deficient magnesium, were larger than cells which were green and 
abundantly supphed with magnesium However, the surface, vol- 
ume, and independent curves are similar, showing that the greater size 
of chlorotic cells did not sigmficantly affect the rate of photosynthesis 

Although the magnesium curves are similar to each other, they 
differ from the mtrogen curves and the iron cur\es Therefore it 
appears that the magnesium concentration has an effect upon the rate 
of photosynthesis separate from its effect through varying chlorophyll 
content- The shape of the curves indicates that magnesium becomes 
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limiting for photosynthesis before it becomes limiting for chlorophyll 
production These curves do not approach the origin, which favors 
the hypothesis that magnesium is doubly involved in the process of 
photosynthesis 

At low concentrations of magnesium the rate of photosynthesis is 
relatively independent of the chlorophyll content As the magnesium 
concentration is increased, the rate of photosynthesis rises rapidly 
and during the rise is relatively independent of the chlorophyll content 
Eventually the rate of photosynthesis reaches the value indicated by 
the full nutrient determinations^ and at that point the relation between 
the rate of photosynthesis and the chlorophyll content is comparable 
to the relation existing in the iron and nitrogen graphs for similar 
values 

The above data indicate therefore, that the presence of magnesium 
is necessary for the process of photos)mthesis in addition to its necessity 
for chlorophyll formation Two possible explanations are offered 

1 Magnesium is directly concerned chemically or photochemically 
in the process of photosynthesis 

2 Magnesium affects an internal factor other than chlorophyll, 
this internal factor being concerned m the process of photosynthesis 

Andre (1916) found that the period of greatest photosynthetic 
activity (April, May, June) was correlated with the greatest amounts 
of magnesium both organic and inorganic, and also with the greatest 
organic magnesium /inorganic magnesium ratio Since his data are 
given as total amounts rather than as percentages of dry weight, it 
seems likely that the rapid leaf growth occurring at that time of year 
would account for the increase in total magnesium Therefore his 
data do not prove conclusively that the amount of magnesium present 
influences the rate of photosynthesis 

Since magnesium has a pronounced catalytic effect upon some 
enzymatic reactions, such as those of phosphotases, it is possible that 
It may in some similar way catalytically affect the rate of photo- 
synthesis 

‘ Tull nutrient determinations are indicated by “s:” on the graphs 
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CONCLUSIONS AND SUMMARY 

1 Data are presented which support the conclusion of Emerson 
(1929) that the rate of photosynthesis is proportional to the chlorophyll 
content when the latter is varied by varying the iron supply These 
data give a straight line passing through the origin, which is not true 
of Emerson’s results 

2 Siimlar data are presented which show that a similar relation 
exists when mtiogen controls the chlorophyll content 

3 Evidence is given which indicates that magnesium plays a part 
in the process of photosynthesis in addition to its effect upon the 
chlorophyll content 

The author wishes to express his appreciation to Drs 0 F Curtis 
and E E Hopkins of the Department of Plant Physiology at Cornell 
University, for their advice and criticism throughout the work, to his 
wife, Cornelia Gaskill, for her laboratory assistance and constant en- 
couragement, and to Mr Swayze for his aid m constructing much of 
the apparatus used in the work 
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A PARADOXICAL RELATION BETITOEN ZETA POTENTIAL 

AND SUSPENSION STABILITY IN S AND R VARIANTS 
OF INTESTINAL BACTERIA* 

Bn ELEANORE W JOFFE and STUART MODB 

(From the Vepartmeiil of Bacteriology School of Medicine University of Fennsyl 
vania, Philadelphia) 

(Accepted for publication, June 25, 1934) 

The electrokinetic potential and suspension stabilitv of intestinal 
bacteria, on the one hand, and biological variation within this group 
on the other, have both been repeatedly and expertly insestigated 
Nevertheless many phases of the subject remain obscure This ob 
scurity has resulted in part from imperfect understanding of the com 
plexity of the biological material under physical chemical mvestiga 
tion For mstance many of the studies antedated the discovery by 
Arkwright (1920, 1921) that these bacteria occur m two principal 
variant forms, rough and smooth, whose suspension stabilities differ 
widely A second major source of confusion is that the cbaractonstic 
mtestmal bacterium has flagella whose physical chemical attributes 
differ from those of the bacterial body Flagella are abundant on 
many strains of the typhoid paratyphoid group, are usually sparse on 
coli strains, and are absent from members of the dysentery group 
The complications introduced by flagella have not even yet found 
clarification 

The present study is concerned with the electrophoretic behavior 
and suspension stability of four strains, representing the three major 
groups of intestinal bacteria Each strain has been studied in both its 
smooth and rough variant form Non flagellate strains were selected 
as the best way at the moment of avoiding the complications due to 
flagella 

* This investigation has been aided b> a grant from the Faculty Research Com 
mittee of the Umversity of Pennsylvania. 

599 



600 


S AND R VARIANTS OR INTESTINAL BACTERIA 


The electrokinetic potential difference (f -potential) of the smooth 
forms has been found to approximate zero over a wide range of elec- 
trolyte and hydrogen ion concentrations This property has not been 
previously described, so far as we are aware, for other types of sus- 
pended particles Nevertheless these bacteria without measurable 
r-potential form stable suspensions 
The rough variants, on the contrary, have electrokinetic potentials 
which vary with pH and electrolyte concentration in the familiar way 
Concomitantly these rough forms have values of f-potential critical 
for their suspension stability 

Bechhold (1904) observed that typhoid bacilli in an electric field wandered 
toward the anode He studied the susceptibility of these bacteria, before and 
after combination with specific immune serum, to aggregation by electrolytes 
Cemovodeanu and Henri (1906) suspended various species of bacteria in 
distilled water in a moist chamber fitted with two electrodes, the bacteria were 
observed under the microscope and a weak current was passed through the sus- 
pension TjTihoid, colon, and all other bacteria studied, excepting dysentery 
bacilh, w'ere reported to be electronegative, Flexner dysentery baciDi w'ere thought 
to be electropositive 

Forges and Prantschoff (1906), Buxton and Shaffer (1907), and Buxton and 
Teague (1907) extended the work of Bechhold 

hlichaelis (1911) observed that certain bacteria were agglutmable by acid 
within characteristic ranges of hydrogen ion concentrations For typhoid bacilli 
this optimum w'as approximately [H ] = 4 X 10"^ Values m agreement with 
Michaelis were obtained by Beniasch (1911-12), Bemtker (1911-13), and von 
Szent-Gyorgyi (1921) 

Beniasch (1911-12) extended the observations of hlichaelis to many bacterial 
species Strains of Bact coh commune and Bact dyscntcnac were exceptional in 
that these could not be agglutinated by any concentration of hydrogen ions from 
neutrality to 10"- Boiled suspensions of the coh and dysenterj"^ strains were, 
however, agglutinated at [H ] = approximately 2 X 10"^ 

Arkwright (1914), m a careful study of the acid agglutmation of typhoid bacilli, 
found two optima The first was at about [H ] = 3 6 X 10"®, loose floccuh were 
formed, this optimum was abolished by repeated washmg of the bacteria, or by 
heating to 80°C for 30 minutes, or to 100°C for 15 minutes The second optimum 
was at [H ] = 11 X 10"® to 2 2 X 10"®, the clumps were in the form of fine 
granules, this optimum was not affected by repeated washing or by heating In 
the light of later knowledge of the composition of the tv^phoid bacillus, it seems 
highly probable that the first optimum was for agglutination of the flagella and 
the second for the bacterial bodies, although this interpretation seems not to have 
been subject to experimental test This would explain the fact, so puzzling to the 
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early investigators that the bactena were still negati\ely charged at the first 
agglutination optimum 

These acid agglutination optima were confirmed by Putter (1921) Putter 
usmg a microcataphoresis cell confirmed also the negative charge of t>'phoid 
baciUi at the first agglutination optimum 

Morishima (1921) produced interesting changes m serum and acid agglutm 
ability by growmg typhoid bacilli contmuousl> in immune serum Though not 
mterpretable at the time these changes seem now to be etplamable m terms of 
‘ rough variation and of temporary loss of flagella 

Northrop and De Kruif (1921-22) discovered important relations go\ eming the 
stabihty of bacterial suspensions WorUng with the Pfeiffer typhoid stram and a 
stram of rabbit septicemia bacilh, they measured both the bacterial f potential 
and the cohesive force between bactenal films Thev found that whenever the 
f potential of the bactena was less than a certam cntical value of about ± IS mv 
the bactena agglutinated provided the cohesive force was not affected If the 
cohesive force was decreased this cntical potential was decreased and if the 
cohesive force was made very small by high electrolyte concentration no agglutma 
tion occurred even though the potential was reduced to zero It was further 
found that all electrolytes tested m concentrations less than 0 01 to 0 1 K affected 
pnmanl> the potential while m concentrations greater than 0 1 N the effect was 
pnncipallv on the cohesive force 

Mudd Nugent and Bullock (1932) formulated suspension stabi)it> m terms of 
probability of collision and of probabihty of cohesion of colhded particles They 
described strams of mtestinal bacteria more hydrophilic than the strains of 
Northrop and De Kruif such strains although without measurable f potential 
were stable m solutions whose electrolyte concentration was well below that found 
by ^■'ortfirop and De Kruif Co be necessary to depress tie cobesiv e force Strains 
of acid fast bactena were described also which were more hydrophobic than 
Northrop and De Kniifs strains These bactena were agglutmatcd m aafi 
solutions m the presence of electroly te m concentration higher even than ION 
Shiblcy (1926) desenbed low f- potentials (3 to 5 mv ) for three strains of 
dysentery baciUi 

Browm and Broom (1932) have desenbed tvphoid paratyTihoid strains virtually 
without f potential Other strains with high ncgabve potential m normal saline 
have had their f potential reduced almost to zero by heatmg in solutions of salts 
with monovalent cations no such effect was obtained by heating m the presence of 
polyvalent cations 

Ahuja (1929) failed to detect significant differences between the f potentials 
of rough and smooth typhoid bacilli m distilled water and NaCl solutions 

Zylbertal (1931) found an acid agglutination ■'one of pH •» 2 2—3 0 for R 
strains of tvplwsum fexticrt shtgac colt gallinarum :tnd schoitmilUeri The 
S forms of the same senes gav e no agglutination w ithm the range of pH 2 2 — 5 6 
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It IS evident, then, that many physical-chemical studies have been 
made to explam the relationship between bacterial suspension stability 
and ^-potential The present study attempts to correlate these sug- 
gested relationships with the properties of bacteria as they vary bio- 
logically, with the hope of clarifying certain conflicting and confusing 
findings in the earlier experiments 

Matcnah and Methods 

Bacterial Strains Used — A permanently non-flagellate stram of Bact typhosum, 
0 901 (Felix, 1930) long cultivated on artificial media, was used This stram was 
smooth m colony form A rough variant was obtamed by Dr C H Hitchcock 
by growmg m broth contaimng 10 per cent homologous immune rabbit serum, and, 
alternately, m broth contammg the maximum tolerated amounts of lithium 
chloride Plates w ere poured from the broth cultures, and colonies showing change 
of appearance m the direction of roughness were picked for the next broth culture 
This process was continued until the plates showed all rough appearmg colonies, 
which grew m broth as a granular sediment Serological specificity W'as incom- 
pletely altered as detailed m the paper foUowmg (Joffe, 1935) 

The stram of Bact jlcxnen used had been isolated 3 years previously from the 
stool of a dysentery patient The stram of Bact coli was originally of human 
ongm, but had been several years on laboratory media Bad pulloruin was a 
laboratory stram Rough variants of all these strains were obtamed by a pro- 
cedure like that described for Bact typhosum 0 901 

Bacterial Suspensions — 20 to 24 hour broth cultures were killed by addmg one 
drop of formalm to each 10 ml of w'hole culture and refrigeratmg for 24 hours, or m 
other experiments b}’’ heaUng the cultures at 56°C for half an hour The organ- 
isms were centrifuged and washed m 0 85 per cent NaCl twice, and m the solution 
in which thej w ere to be measured once After the first washing the organisms 
w ere resuspended in the salme, and equal amounts pipetted into individual tubes 
(100 mm X 12 mm diameter) They were then centrifuged, resuspended m test 
buffer, agam centrifuged, resuspended in test buffer, and meubated for several hours 
at 37“ Final readmgs were made after an oxemight penod m the refngerator 
An> sediment w as resuspended and electrophoresis measurements w'ere made 
Glassiiarc — All glassware was chemicallj' cleaned, thoroughly rinsed m water 
and distilled water, and dned m air 

Bnfers — Sdrensen’s phosphate buffer muxtures were diluted to constant cation 
concentration The pA value of a 0 02 m solution was determined (6 91) Ace- 
tate buffer mixtures of constant ionic strength were used The pJv for 0 02 M 
sodium acetate w as determined (4 7) This is m good agreement w ith the data of 
Green (1933) Clark and Lubs phthalate buffer muxtures were employed in the 
extreme acid range •Ml pH values were checked with a qumh} drone electrode, 
usmg the \alue pH = 1 OS for 0 1 n hydrochlonc acid 
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Hlectropkoresis — ^The Kunitz (1928) modification of the Northrop-Iwunitz 
microcataphoresis cell was used with a dark field condenser and Bausch and Lomb 
8 mm , 0 SO n a , 2lX objective At least five readings were taken for each 
suspension at the two stationary levels t e , 0 21 and 0 79 of the inside depth of the 
cell Radio B batteries were used The appbed potential was 125 volts which 
gave through the cell a potential gradient of 6 5 volts per cm 

The cell was kept very clean Before each measurement the cell was nnsed with 
buffer One drop of bacterial suspension m the same buffer was washed mto the 
cell with 2 mk of buffer Each reading recorded was the total time required for a 
particle to move a known distance, and, on reversal of the pole-changmg switch to 
return the same distance 

The electrophoretic mobihty is expressed m micra per second per volt per 
centimeter drop m potential along the cell If the assumption is made that the 
dielectric constant and the coefficient of viscosity of the bacteria suspended in the 
given buffer solution are those of water at 20®C , the electrokinetic potential in 
millivolts may be calculated from the mobility by multiphcalion by 12 6 (This 
assumption as has been previously discussed (Northrop and Cullen, 1921-22, 
MOUer 1933), is not stncUy accurate, and becomes less accurate as the amount of 
salt m solution is changed ) 


EXPERIMENTAL 

In the experiment summarized m Table I, 20 hour broth cultures 
of the rough and smooth variants of Bact iyphosum, Strain 0901, were 
used These were divided into two halves One portion was heated 
at 56°C for half an hour, the other was not heated Both portions 
were washed twice m Ringer’s solution (pH = 6 8-7 0), once in the 
buffer measured Electrophoresis data were obtained when the bac 
tena had been in contact with the buffer for not more than 5 to 10 
minutes Immediately after completing the electrophoretic measure- 
ments (about 5 more minutes) agar plates were streaked with a loopful 
of the unheated cultures to detennme the viabihty of the culture 
Table I indicates that heated and unheated cultures had the same 
mobility when subjected to various concentrations of hydrogen ion 
under the same conditions It also indicates that these strains arc 
easily made non viable in acid buffer solutions 
Table n indicates the suspension stability and the electrophoretic 
mobility for Bad iyphosum smooth and Bad iyphosum rough studied 
by the routine technique The electrophoretic data are plotted in 
Fig 1 
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It is e\'ident tliat this strain m its smooth form had httle or no 
s'-potential in any buffer measured, vrhereas in the rough form the 


TABLE I 

Elcdrophorctic MohhUcs of Heated and Unhealed Cnllures of Bad typlwsiim Rough 
and Smooth m M J50 Buyers of Yaryiijg pH 


i 

pH 0^ 
b:x:tx 


Barf ij phosum R 

1 EJECtropioretic mobility 

liability , 

Hectropboretic mobUit} 

VlzhUitv 



of 'onheated 



of unheated 







Heated 

1 Ucheeted 

cultures 

Heated 

Ucieated 

cultures 


1 /■“•‘Itlcm 


li/scc /’’o’llcm 


5 3 

0 0 

' 0 0 

Growth 

\ -2 05 i 

-2 0 

Growth 

4 7 

0 0 

0 0 

t^eiy slight 

-1 4 

-1 3 

Growth 




growth 




4 1 

0 0 

0 0 

Xo growth 

-1 3 

-1 3 

Very shght 







' growth 

3 5 

— 

— 

No growth 

-0 9 

-0 9 

Xo growth 

3 2 

0 0 

0 0 

Xo growth 

1 -0 4 

-0 4 

No growth 

2 2 

-f 0 04 

0 0 

Xo growth 

-}~0 5 

+0 6 

Xo growth 

IS j 

0 0 

0 0 

Xo growth 

-fO 6 

' -f 0 6 

Xo growth 


In tbs and subsequent tables the minus sign indicates that the migration was to 
the anode and a plus sign indicates migration to the cathode 


TABLE n 

EJcctroplorehc Mohhhcs and Suspension Stabihiy vi if/50 Buffers of Varying pH 


BuSer 

pH o' buEcr 

Beet trpkosun S 

Bact phosum R 

Elfctropborrtjc 

mobility 

■^EgJutiaaPon 
after 24 hrs 

Electrophoretic 

mobilitj 

AgglutinaPon 
after 24 hrs 

Acetate 

5 0 1 

A/rf /-filler- 

0 0 

None 

lilsec l~ol>jcm 

-2 6 

Xone 


4 7 

0 0 

Xone 

-2 5 

A'one 


4 4 

0 0 

None 

-2 1 

Xone 


4 1 

0 0 

None 

-1 S 

X'one 


3 S 

00 

None 

-1 4 

Partial 


1 35 

' 0 0 

None 

-0 S 

Complete 

Phthalate 

2 2 

0 0 

None 

-0 2 

Complete 


1 8 

0 0 

None 

-0 I 

Complete 


f-potential -was relatively high, and the high negative potential de- 
creased with decrease in pH It is also e\ndent that the smooth form 
maintained a stable suspension throughout the pH range studied, 
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whereas the rough form mamtamed a stable suspension only if the pH 
was greater than 3 8 Thus, the bacteria were partially agglutinated 
when the potential was 17 5 mv , and completely agglutmated when 
the potential was 10 mv 

A sodium acetate acetic acid buffer was made up to a concentration 
of 0 2 molar at pH = S 2 (Table IH) This served as stock solution 
from which the concentrations of buffer indicated were obtained In 

pH of ‘?50 Buffers 


ZO 30 40 50 



Fig 1 The electrophoretic mobility, as a function of pH of the S and R 
variants of Sacl lyp/iosum 0 901, m buffer solutions of the same cation con 
centration 

Table IH are indicated the electrophoretic mobilities in ^ per second 
per volt per centimeter with change of salt concentration, for the two 
forms of i}p/wsumO901 

The electrokinctic p n may be calculated roughly These data show 
that this strain of Baci lypliosum in the smooth form had only a ver> 
low or no elcctroUnetic potential, and was insensitive to precipitation 
or agglutination by salt, whereas, in the rough form, the electro 
kinetic potential v-as high in low concentration of salt, and decreased 
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With increasing concentration of salt Furthermore, as the concen- 
tration of salt became greater, the rough form became increasingly un- 
stable in suspension At 20 mv (0 04 m) the rough form was almost 
completely precipitated, and at 6 5 mv was completely precipitated 
The smooth strains described by Mudd, Nugent, and Bullock (1932) 
as having very low electrokmetic potentials were reexamined Their 
observation was confirmed These were strains of JBacf pullornm, 
Bact flexnerij and Bact coli Rough strains were obtained m the 
manner previously described Two variants of Bact flexnen were 
obtamed, Ri and R 2 Ri formed larger clumps as it grew in lithium 

TABLE m 


Electrophorehc Mohihhes and Snspetiston Slabthiy tn Acetate Biiffer oj pH Approxi- 
mately 5 2 and of Varying Molarity 


Molanty of buffet 

Bact typhosumS 

Bact typhosum R 

Electrophoretic 

mobility 

Agglutination 
after 24 brs 

Electrophoretic 

mobibtj 

Agglutination after 

24 hrs 

0 2 

n/sec /tolt/cm 

0 0 

None 

)x/sec /toU/cm 

-0 5 

Complete 

0 04 

-0 1 

None 

-1 6 

Almost complete 

0 02 

0 0 

None 

-2 4 

Sbght 

0 01 

0 0 

None 

-3 2 

Slight 

0 004 

4-0 1 


-3 6 

Shght 

0 002 

4-0 S 

None 

-3 9 

Sbght 

0 001 

-0 1 

None 

-3 9 

Trace 

ice distilled H-O 

-1 6 


-5 5 

Trace 


chloride broth, and formed a larger, flatter colony on agar The 
rough variant of Bact puUonmi may not have been a permanent form 
as there was a tendency for the growth in broth to become semidiffuse 
Table IV indicates the change in electrophoretic mobility and m 
suspension stability with change in pH for the rough forms of Bact 
flcxncri and Bact pnlloruin The smooth form throughout the range 
studied had mobility values which very closely approached zero 
These are plotted in Figs 2 and 3 The smooth forms also formed 
stable suspensions throughout the entire range 

Occasionally a rough form either temporarily or permanently did 
not grow as a complete sediment in broth One Bad flexnen rough 
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table IV 


Electrophoretic If ohtltly and SuspermotiStabthly of RoushStrains tnM/SOBtiffers 
of Varying pB 





B<ut Jlexneri Ri 

Batl Jltxntrt R* 

pact fuUorumlR. 

Buffer 


Efectro- 

phoretlc 

nxotdity 

Aeglutin tion 
aitcr 24 ttr* 

£{cc(r(>< 
phoret c 
mobility 

Aalutinatioa 
after 24 his. 

Electro- 

phoretic 

mobility 

AfslutinaUoo 
after 24 hri. 

Phosphate 

7 

27 

nftee/ 

wU/em 

-3 2 

None 

f 

tcU/cm 

-2 9 

None 

Mptc/ 

rei(/ra 

-2 6 

Trace 


6 

3 

-3 2 

None 

-3 0 

None 

-2 6 

Trace 


5 

95 

-2 9 

None 

-2 8 

None 

-2 2 

Trace 

Acetate 

5 

9 

-2 9 

None 

-2 6 

None 

-2 2 

Trace 


5 

6 

-2 7 

None 

-2 7 

None 

-2 1 

Trace 


5 

3 

-2 8 

None 

-2 6 

None 

-2 1 

Trace 


4 

7 

-2 2 

None 

-2 2 

None 

-1 6 

Trace 


4 

4 

-2 2 

None 

-2 3 

None 

-1 4 

Trace 


4 

1 

-1 4 

None 

-1 8 

None 

-1 3 

Trace 


3 

8 

-1 3 

None 

-1 5 

None 

-0 9 

Trace 


3 

S 

-1 1 

None 

-1 2 

None 

-1 0 

Complete 

Fhthalate 

3 

4 

-1 2 

Complete 

-1 2 

Nearly com 

-1 1 

Partial 


2 

8 

-0 8 

Complete 

-0 8 

plete 

Complete 


Complete 


2 

2 

-0 4 

Complete 

-0 4 

Complete 

BB 

Complete 


table V 


Electrophoretic Uobthly and Suspension Stability t» Acetate Buffer of Approximately 
pB 5 2 of Bad flexnen S and of an R Strain of Unusually High f Potential 


Molarity ot buffer 

BcuL^rxncn S 

Ba(l.fiutttri R 

Electrophoretic 

mobibty 

AMlutuutioQ 
Mier 24 hrs. 

Electrophoretic 

moblbty 

Agglutloitioo 
titer 24 hrs 

0 15 

ft/iee ItoUftm 

-0 1 

None 

ji/rrcf /toIf/cr», 

-2 2 

None 

0 075 

— 

None 

-2 9 

None 

0 05 

0 0 

None 

-3 2 

None 

0 04 

— 

— 

~3 7 

None 

0 015 

-0 1 

None 

~3 7 

None 

0 007 

— 

— 

-4 3 

None 

0 0015 

-0 5 

None 

~5 7 

None 

0 0007 

~0 4 

None 

-6 2 

None 

Taicc distilled IltO 

-2 3 

None 

-4 8 

None 
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form grew somewiiat diSusely in broth Such a situation is often 
considered as a tendency to revert to the smooth form (Arkwright, 
1921) The salt sensitivity of this strain was examined The tech- 
nique used was similar to that previously described The results of 
the experiment are given in Table V 


pH of ^50 Buffers 



Fig 2 The electrophoretic mobihty, as a function of pH, of the S and R 
variants of Bad piillorum, in buflfer solutions of the same cation concentration 


The potential in 0 15 M acetate buffer of approximately pH 5 2, 
was very high for the rough form No agglutination took place 
Concomitantly the smooth form maintained its normal character- 
istics, namely, its suspension stability and low electrokinetic potential 
Ordinary nutrient broth is about 0 15 ii with respect to salt concen- 
tration This means that occasionally a rough form will have such a 
high electrokinetic potential that it will grow diffusely This condi- 
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tion ■^ould be exaggerated if the salt concentration was for one reason 
or another too low The diffuse growth of a rough strain need not 
necessarily imply a tendency for a rough form to revert to the smooth 
form, but rather it may be the result of an exceptionally high potential 
possessed by the rough form cither temporarily or permanently ^ 

pH of Buffers 


2.0 30 40 so 60 70 



Fig 3 The electrophoretic mobUity, as a function of pH, of the S and R 
variants of Bad fiexnen in buffer solutions of the same cation concentration 


Extensive experiments have not been performed on the rough and 
smooth variants of Bad colt and jBacf entcrilidis However, the 
mobility as a function of pH was examined In the range from pH 
5 6 to 3 6 Walpole’s 0 02 m acetate buffers were used Permanently 
non flagellated strains were not obtained Howe\er, the develop 

* During a single cell isolation of the rough form of Sac/ tsphosum StramO90I 
and subsequent to frequent subculture diffuse growth was observed This was 
thought to indicate smoothness Rapid electrophoresis measurement show ed that 
the strain possessed an unusually high potential Sometime later the strain grew 
normally The mechanism of a temporary unusualh high potential has not been 
worked out. It seems clear, however, that such rough forms do not always grow 
as sediments 
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ment of flagella may be suppressed by subculture on agar containing 
0 1 per cent of saturated aqueous phenol solution (Braun and Schaffer, 
1919, and Feiler, 1920) With subcultures of Bad coh and Bad 
entenhdn grown in this manner and killed by heat, it was found that at 
various pH levels the electrokmetic potential of the smooth forms 
approximated zero, whereas the corresponding rough strains, cultured 
similarly, exhibited potentials quite high 

These experiments indicate qualitatively similar electrokmetic 
properties for various intestinal bacteria Smooth non-flagellated 
strams have had only minimal electrokmetic potentials which re- 
mained constant regardless of variation in ion concentration or pH 
These strains form stable suspensions which are not agglutinated by 
the addition of salt or acid The change from the smooth to the rough 
form is accompanied by a large change in electrokmetic potential 


TABLE VI 

Elcclrophorehc Mobility tn Mtcra per Second per Volt per Centimeter 


pH 

71 

6i 

56 

1 48 j 

1. 1 

40 

3 6 

I i 

I 22 

Bact coh S 

-0 1 

0 0 

0 0 

IE 

-0 1 

0 0 

EE 

1 0 0 

Boot coh R 

-2 7 

-2 2 

-2 9 

m 

-2 9 

-2 3 

Bli 

-0 7 


difference Rough strams have high electrokmetic potentials which 
do varj’- wnth change m salt concentration and with pH They do 
not form stable suspensions in high concentrations of salt and m solu- 
tions of low pH This inability to form stable suspensions under 
these conditions may be ascribed to a reduction in the electrokmetic 
potential below the classical critical values necessary for stability 

DISCUSSION 

■\\fliether or not f-potentials approaching zero are in general an 
attribute of the non-flagellate bodies of intestinal bacteria in their 
smooth forms remains to be determined The occurrence of this 
remarkable property in four strains representative of the principal 
groups of intestinal bacteria is at least suggestive of generality 
These smooth strains form suspensions such that their state of sur- 
face hydration is the primary stabilizing factor in their dispersion in 
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aqueous media over a wide range of conditions Although the 
f potential of such suspensions is consistently low it should be pointed 
out that a definite f potential has been observed when the suspending 
medium is distilled water Whether this f potential is due to dissocia- 
tion of components of the bacterial surface or to differential adsorption 
of ions, we do not know, in either case it is suppressed in altogether an 
exceptional manner by traces of electrolyte 

The question of the chemical composition of these bacterial surfaces 
IS of course an obvious one The differences between rough and 
smooth mtestinal bacteria have been attributed primarily to the 
properties of the carbohydrate haptenes in the surfaces of the bacterial 
bodies (Heidelberger, Shwartzman, and Cohn, 1928, Turth and Land 
Steiner, 1929, Meyer, 1930, White, 1931) The smooth bacteria 
contam soluble carbohydrate haptenes whose hydrophilic properties 
appear to be responsible for the remarkable suspension stability of 
these forms (White, 1928) In the corresponding rough vanants 
these haptenes are replaced by other carbohydrate haptenes with 
much less affimty for water 

In addition to the carbohydrate haptenes, the surfaces of both 
smooth and rough forms contam materials extractable by absolute 
alcohol-chloroform mixture at 5S°C (White, 1927, 1928) These 
“lipoids” are also soluble in chloroform and ether Aqueous sus 
pensions are readily preapitated by electrolytes Their tendency 
when incorporated in the bacterial surface appears to be to sensitize 
the bacteria to precipitation by salts This tendency is masked in 
the smooth forms by the predominant hydrophile properties of the 
carbohydrate haptene, m the rough forms, however, the salt sensitive- 
ness becomes manifest 

Evidence of the presence m the bacterial surface of a third com 
ponent has been found by White in later work (White, 1932, 1933) 
This IS a protein antigen of verj broad specificity, soluble in 95 per 
cent alcohol in the presence of HCl, and precipitablc by ether or salts 

We are thus presented with a picture of the surface of the intestinal 
bactena as exceedingly complex In the rough non flagellate forms 
the suspension stability is dominated by hydrophobic components 
In the smooth non flagellate forms the suspension stability is deter- 
mmed by an extremely hydrophihc carbohydrate It seems likelj 
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that the electrokinetic behavior of these smooth for ms may also be 
dominated by this h3*drophilic carboh5’’drate Further discussion of 
this pomt may be found elsewhere (hludd, 1933) 

SUMMARY 

The relation between electrokinetic potential and suspension 
stabihty of four strains of non-fiagellate intestinal bacteria has been 
studied The smooth forms have ^-potentials which approximate 
zero over a wide range of pH and salt concentration, 5’et ne\ ertlieless 
form stable suspensions The rough variants have ^--potentials whicli 
x’^arj'’ with pH and electrol3de concentration in tlie familiar wa3’ 
The rough forms have values of s--potential critical for their suspension 
stabiht3'’ 
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A PHYSICAL-CHEMICAL DIFFERENCE IN ANTIBODIES 
AGAINST THE S AND R VARIANTS OF A SINGLE 
BACTERIAL STRAIN 

Bx ELEAKORE W JOFFE 

{From the Department of Bacteriology School of Medicine University of Pennsylvania, 
Philadelphia) 

(Accepted for pubbcation, June 25, 1934) 

The importance and significance of chemical configuration, and its 
influence on antigenic spectfiaty is well established It has been 
amply demonstrated on serological grounds that a complex antigen 
such as the typhoid bacillus can give rise to more than one distinct 
antibody Nevertheless little is known of differences in physical 
chemical properties of antibodies in relation to their corresponding 
antigens ‘ Present day evidence indicates that antibodies are prob 
ably modified globulins The surface properties of bactena maximally 
sensitized with immune sera approximate those of the sensitizing sub- 
stance which IS deposited upon the antigen surface from the immune 
serum The properties of the sensitized surface are similar in many 
ways to the properties of a surface deposit of globulin 

A property of the surface, susceptible of accurate measurement, is 
the electrokmetic potential difference (f potential) From appro 
priate measurements of the f potential, an interpolated isoelectric 
point IS obtained The isoelectric point of a protein may be taken as 
an indication of the ability of the protein to react with acid or base 
under certain defined conditions This m turn is a measure of the 
acidity or alkalinity of a protein 

The surface properties of non flagellated strains of intestinal bac 
teria have been described (Joffe and Mudd, 1935) The smooth 
form has a hydrophilic surface, with its electrophoretic mobility 

^ In this connection, bonever, sec Hcidelberger and Kendall (1933), and 
Marnick (1934) 
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approximating zero over a wide range of pH and salt content of the 
medium The rough form has a relatively hydrophobic surface, and 
Its mobility is dependent both upon the pH and the ionic strength of 
the suspending medium 

Mudd and Joffe (1933) found that the isoelectric points of non- 
flagellated smooth strains of intestinal bacteria maximally sensitized 
with homologous immune rabbit sera were approximately pH 5 0 
Prehmmary experiments heretofore unpublished seemed to indicate 
that the rough form, in spite of its extremely acid surface, when maxi- 
mally sensitized with homologous immune serum was isoelectric at a 
pH higher than 5 0 The properties of these intestinal strains after 
sensitization might indicate that antibodies differ in their capacity 
to react with acid or base under the same conditions, and that the pH 
of the isoelectric point of the antibody would be influenced by the 
antigen surface upon which it may be supposed to have been formed, 
and subsequently upon which it was deposited (Breinl and Haurowitz, 
1930, Mudd, 1933) 

The present experiments were undertaken, therefore, in order to 
determine whether the S and R variants of a single bacterial strain 
could give rise to antibodies, which when deposited on the homologous 
bacterial surface had different isoelectric points and electrokinetic 
potentials 


EXPERIMENTAL 

Bacteria Used — In order to avoid any possible confusion which might arise 
from the use of mixed cultures of rough and smooth forms, single cell cultures 
vere used These vere obtained from the stock strains of Bad typhosum 0 901 
S and 0 901 R m each case by three successive single cell isolations, by Mr H E 
Morton, to whom I am greatly mdebted The bacteria were grOTvn m broth of 
pH 7 0 18 to 20 hour cultures vere then killed by incubating with 0 5 per 

cent HCHO solution for 24 to 4S hours, or by heat at 56° for ]/2 hour When sterile 
the bacteria were washed m 0 85 per cent NaCl tivice Such a suspension was 
used both for immunization and for testmg 

Immunization of the Rabbits — Rabbit sera w ere used throughout Each rabbit 
w as bled from the marginal ear vein on the da}"- previous to the first injection The 
sera thus obtained were tested for agglutinins for the rough and smooth forms 
The rabbits were divided into two groups, one group placed on treatment with 
stram 0 901 S and the other with strain 0 901 R The equivalent of 0 2 cc of 
broth culture was inoculated mtravenously into each rabbit on the 1st, 3rd, and 
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Sth days of each week Bleedings from the ear were made on the 7th da> * 
At intervals the animals were allov. ed a week without infections 

5enith alton by Serum — ^The sera used were mactivated by heat in a 56 C 
water bath for 30 minutes Only sera in which virtually no hemol>sis had 
occurred were used. All dilutions of antiserum were made with 0 85 per cent 
NaCl unless otherwise specified Given volumes of bacterial suspension were 
mixed with equal volumes of dilutions of antiserum The tubes containing the 
smooth bactenum as antigen were mcubated for 2 hours at 37®C , and placed in 
the refrigerator overnight Agglutination was read m the mommg ITie tubes 
contammg the rough variant as antigen were incubated at 56 C Agglutination 
readmgs were made at inteivnls, until a maximum was reached before agglutma 
tion of the control tubes occurred ^ They were then refrigerated 

After refngeration all tubes were centnfuged until virtually complete scdi 
mentation had taken place The supernatant fluids were decanted and the sedi 
ments shaken up m 3 ml each of 0 85 per cent NaCl All tubes were again centn 
fuged the supernatants decanted^ and the sediment shaken up 

Eleclrophorests atid Estimation of Isoelectric Points — ^Electrophoresis measure 
ments were made m the manner described m the previous paper 0 02 i£ sodium 
acetate acetic aad buffers of constant ionic strength were made up so that succes 
sive members of the senes differed by 0 3 pH unit Two successive buffers were 
found m one of which the particles migrated to the anode and m the other to the 
cathode The isoelectnc point was then estimated from the rclativ c mean veloa 
ties at the two pH values pH values were checked b> a qumhvdronc electrode, 
usmg as a reference standard a pH of 1 08 for 0 1 n HCl When necessary Sdr 
ensen s phosphate and Clark and Tubs phthalate buffer mixtures were used m 
suitable concentration 

Agglutination tests and isoelectnc pomt detennmalions were made on the sera 
obtamed each week Each serum was caused to react w ith its homologous antigen, 
and where possible with the heterologous antigen 

Glassuare — All glassware was chemically cleaned with sulfunc acid potassium 
dichromate solution and washed in wrater and distilled water ver> thoroughly 

RESUXTS 

The essential results are shown in Fig 1 and in Table I The 
smooth form of 0901 Shad little or no i" potential m any buffer studied 

* Thanks are due Mr Da\ id Lackman for technical assistance 

* The temperatures used for accelerating flocculation w ere used for convenience 
Rough agglutinations can be most easily read at 56® in the marmer desenbed. 

Withm the period measured the difference in temperature between 56® and 37® 
probably has very little effect on the pH of the isoelectnc point and when the 
smooth vanant was sensitized at 56 (see p 624) the isoelectnc points obtamed 
were similar to those obtamed when the same sera were used to sensitize at 



pH or i'\gglu(lnollon pH of A83l“r>fwl>on pH of Aggluljnallon pM of Agglutimtjon pH o£ Agglullnolion pH of 

laoelecirlc ^Titer toooieciric Tiler Isoeieclric Tiler Isoelectric Tiler Isoeleclric Tiler Isoeleclric 
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Sensitization with immune serum conferred upon it a definite mobihty, 
from which an isoelectric point was determined This isoelectric 
point, then, an over all measurement, was due to a deposition of anti- 
body on the bacterial surface, and was dependent upon the antibody 
alone In the case of the rough form, whose surface was very acid, 

TABLE 1 

The progressive shift to the alkaline side of the pH of the isoelectric points of 
bactena maximally sensitized with homologous immune rabbit serum obtained at 
weekly mtervals durmg contmued immunization 


Homologous 

antigen 


0 901S 
0 901 S 
0 901 S 
O901S 
O901S 


Average 


O901R 
O901R 
O901R 
0 901 R 
0 901 R 
O901R 
0 901 R 
0 901 R 


Average 


Time of ImrounlzaUoQ b days 


14 21 2S 43 49 S6 M 70 77 91 


pH of boclectnc poiot 


201 


4 8 


5 15 

5 25 

5 2 

5 3 


5 3 




5 4 

202 


4 95 

5 0 

S 2 

5 2 

5 3 

5 4 







203 


4 8 

4 8 

5 3 

5 2 

5 2 

5 3 


5 25 





205 


4 75 

4 95 

5 1 

5 2 

5 2 

S 3 


5 3 




S 5 

207 


4 8 

4 9 

5 3 

5 2 

5 3 

5 3 


S 25 




S 5 



4 82 

4 91 

S 21 

5 21 

5 24 

0 32 


5 28 




S 47 

391 

5 15 

4 95 


5 3 










392 

Mil 

4 85 

5 15 

5 25 

5 25 

5 45 

5 6 


5 55 

5 5 

S 9 

5 85 


394 

4 95 

gig 

5 1 











396 

5 1 

4 9 

5 1 

S 1 

S 25 

5 35 

5 6 


5 65 

5 7 

S 9 

5 75 


397 


4 95 

5 1 

S 1 

5 15 

5 5 

5 6 


S 7 

5 8 

5 8 

5 8 


316 



5 2 


5 1 

5 3 

5 3 

5 5 






317 


4 9 

5 2 


5 3 

S 4 

5 5 

5 4 






2S3 


5 0 

4 9 

5 2 

5 2 

5 6 

5 8 









4 96 

5 1 

S 15 

5 21 

5 43 

5 57 


5 63 

5 67 

S 87 

5 8 



the surface deposit of antibody decreased the negative t potential, 
but only ■when a value was reached which did not change upon the 

Fic 1 Abscissae The duration of immunization in daj'S Ordinates The 
upper blocks indicate the pH of the isoelcclnc points for the maximally sensitized 
bactena 

The lower blocks indicate the final agglutination Uters of the sera The scale 
divisions represent the following successne scrum dilutions 1 2 4, 16 64 256 
1024 4096 etc Thus scale division S indicates an end titer at a scrum dilution of 
1 256 
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addition of more immune serum could the isoelectric point be con- 
sidered as that of the surface deposit 

When rabbits were immunized with the smooth form, the agglutina- 
tion titer for the smooth form of the sera obtained at weekly intervals 
rose rapidly, reaching a maximum at or before the 28th day The 
isoelectric point of the bacteria, maximally sensitized, about pH 4 8 
on the 7th day, rose gradually beyond the 56th day It reached a 
value of pH 5 3 at that time 

When rabbits were immunized with the rough form, the homologous 
agglutination titer of the serum obtained at weekly intervals rose more 
slowly at first, it reached a maximum at about the same time as the 
titer for the sera against the smooth form The isoelectric point of 
the rough form sensitized with normal serum was about pH 5 0 to 5 1 
After the 1st week of immunization there was a slight drop, after which 
there was a steady, rapid shift of isoelectric points to the alkaline side 
Until the 35th day there was no great difference between the rough 
variant and the smooth variant maximally sensitized with homologous 
antisera After the 35th day the maximally sensitized rough form had 
a distinctly more alkaline isoelectric point, it reached a value of pH 
5 6 on the 56th day, and the exceedingly high value pH of 5 9 on the 
70th day 

Thus two antisera prepared from the same complex antigen, may 
have the same agglutination titer, whereas the surface properties of 
the antibodies, when deposited upon the homologous bacterial sur- 
faces, may be very different 

The smooth form and the rough form cross-reacted to about the same 
degree Maximum agglutination titer in cross-reaction was usually 
at a serum dilution of 1 256 Occasionally agglutination at a dilution 
of 1 1024 was observed The isoelectric point of the smooth form 
maximally sensitized with rough serum rose from a value of pH 4 8 
on the 14th day to about pH 5 1 on the 56th day and slightly more than 
pH 5 2 on the 70th day The rough form maximally sensitized with 
smooth antiserum had a rather steady value of pH 5 0 until the 56th 
day This may have been due to incomplete saturation with antibody 
of aad groups on the surface of the bacterium 

In Fig 2 are plotted the isoelectric points of the rough and smooth 
forms sensitized v.ith increasing concentrations of the homologous 
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immune serum Curves I and II are sensitized rough forms and 
Curves HI and IV are sensitized smooth forms There was a marked 


Dilution of Homologous Antiserum 



Tig 2 The R and S N'amnts ol Bact typhositm O 901 were sensitized with 
increasing concentrations of homologous immune sera Curve I, Serum 392, 
drawn 70th day of immunization Curve II, Serum 397 drawn 63rd day. Curve 
III, Scrum 201, drawn 91st day Curve IV Serum 203, drawn 63rd daj 

difference in the general shape of the cur\ cs of the sensitized rough and 
smooth forms The flatness of the curve of the smooth form would 
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seem to indicate that the major factor in determining the isoelectric 
pomt IS the surface deposit of antibody On the other hand, the steep 
slope of the curve of the sensitized rough form at higher dilutions of 
serum would seem to indicate the definite influence, in this region of 
the curve at least, of the underlymg electronegative bacterial surface 

Dilution of Homologous -Antiserum 



Fig 3 The R and S variants were sensitized with increasing concentrations of 
homologous immune sera Curve I, Serum 62, hyperimmune, Curve II, Serum 
392, drawn 42nd day, Curve III, Serum 499, hj^perimmune. Curve IV, Serum 7, 
hvperimmune. Curve V, Serum 7, drawn approximately the 21st day 

The difference between the isoelectric points of maximally sensitized 
rough and smooth forms is of still greater significance when one con- 
siders that the more acid surface of the rough variants, when maxi- 
mally sensitized with homologous antiserum, is more alkaline than 
the inert surface of the smooth form sensitized with its homologous 
antiserum. 
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Fig 3 IS supplementary to Fig 2 This shows data obtained from 
the sera of rabbits immunized with 0 901 S and 0 901 R (not single cell 

pH of %0 Buffers 



Tig 4 The electrophoretic mobilities as a (unction of pH of the S and R van 
ants of Bad typhosiim O 901 inaxima}l> sensitized with their homologous immune 
sera The measurements were made m buffer solutions of approximately the same 
cation concentration 

strains); over a long period of time, pre\ lous to the beginning of the 
control experiments herein reported When obtamed these data xNcre 
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very confusing In the light of the present experiments, however, the 
data seem to be intelligible 

In Fig 4 are plotted the electrophoretic mobilities at decreasing 
values of pH of the rough and smooth forms maximally sensitized with 
homologous antisera The bacteria were sensitized in individual 
tubes, and incubated at 56°C for 1 hour (at which time they were 
agglutinated) They were then refrigerated, centrifuged, washed, 
and resuspended as homogeneously as possible m m/50 buffer solutions 
They were then incubated at 56°C for 2 hours and refrigerated over- 
night 

Two anti-smooth, sera and two anti-rough sera were used They 
were chosen so that they were drawn from animals which had received 
approximately the same amount of vaccine treatment In the figure 
drawn the sera were obtained at the end of the immunizing period 
The isoelectric points differ by 0 4 to 0 5 pH and the curves of mobility 
differ throughout the range of pH studied 

SUMMARY 

1 Rabbits were immunized with Bad iyphosum 0 901 S and 0 901 
R, over a long period Homologous and heterologous strains were 
sensitized with sera obtained from weekly bleedings Agglutination 
titer was recorded, and the isoelectric points of the bacteria maximally 
sensitized were determined 

2 0 901 S maximally sensitized with homologous immune serum 
had isoelectric points which became more alkaline as immunization 
progressed, covering a range of pH 4 8 to 5 5 

3 Strain 0 901 R maximally sensitized with homologous immune 
serum had isoelectric points which became more alkaline as immuniza- 
tion progressed, covering the range of pH 5 0 to 5 9 

4 Both 0 901 S and 0 901 R maximally sensitized with heterologous 
serum had isoelectric points lower than when sensitized with homolo- 
gous serum 

5 The isoelectric points of both forms sensitized with increasing 
concentrations of homologous immune serum were determined In- 
creasing concentrations of homologous immune serum shifted the 
isoelectric point of 0 901 R from less than 2 2 for the unsensitized bac- 
teria progressively to the alkaline side until the maximum values 
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previously mentioned were readied Increasmg concentrahons of 
homologous immune serum conferred upon 0 901 S isoelectnc points 
which became only slightly more alkaline in maximal sensitization 

6 The electropho'etic mobilities of 0 901 S and 0 901 R, m each 
case maximally sensitized with homologous hyperimmune serum, 
were found to differ significantly over the whole range of pH studied 

COSCLnsiOKS 

1 Antibodies to the rough and smooth variants of Bad iyphosum 
0 901, when studied as deposits on the maximally sensitized bactenal 
surfaces, differed sigmficantly m isoelectric points and in f potentials 

2 With increasmg time of immumzation of rabbits the isoelectnc 
points of the sensitizing antibody deposits shifted progressively to the 
alkaline side, agglutination titers did not change concurrently Thus 
two sera may have the same agglutination titers, but may form, on the 
homologous bacterial strams, sensitizmg surface deposits whose iso 
electric pomts differ by 0 5 to 0 8 pH unit 

3 Rabbits immunized with single cell strains of 0 901 S gradually 
developed antibodies for 0 901 R and vtcc versa 

The author wishes to express her gratitude to Dr Charles H Hitch- 
cock and Dr Stuart Mudd for critical advice and stimulatmg sug- 
gestions during the course of this work 
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THE THEORY OF DHTFOSION IN CELL MODELS 


H Solution or the Steady State eor Three Diefusing 
Substances 

By lewis G LONGSWORTH 

(From the Laboratories of The Rockefeller Institute for Medical Research) 
(Accepted for publication, Julj 16, 1934) 

I 

INTRODUCTION 

Osterhout and Stanley,* and, more recently, these authors together 
with Kamerling ’ have reported measurements on the simultaneous 
diffusion of one or more salts and water in cell models The diffusion 
takes place between two aqueous layers, designated by A and C, 
which are separated by a non aqueous layer, B The composition of 
the aqueous phase A is held constant and carbon dioxide is passed 
through the phase C The salts present in A are metalhc salts of the 
non aqueous material in B, this material being a weak aad These 
salts diffuse through B, in which they are appreciably soluble, mto C 
where they are converted almost enUrely into the bicarbonates and 
are thereby “trapped” in this phase owmg to the insolubihty of the 
bicarbonates in the non aqueous material of B 

rhe salt diffusion is accompanied by changes in the osmotic activ 
ity of the water in the various phases and this material consequently 
diffuses simultaneously with the salts The direction in which water 
first diffuses depends upon the initial conditions of the experiment but 
after a short interval of time the solute concentration m C becomes 
greater than in A and water then diffuses from A, through B, mto 
C at a rate which increases with the tunc The rate of diffusion of 

'Osterhout W J V and Stanley, W M,J Gen PAyjwf , 1931-32, IB, 667 
* Osterhout W J V , KainerUng S E and Stanley, W M , J Cm Physiol , 
1933-34 17, 445 

' Osterhout W J V , Kamcrlmg S E and Stanle> W M , 7 Gen Physiol , 
1933-34, 17, 469 
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salt from ^ to C simultaneously decreases so that a steady state is 
approached m which the entrance of salts and water into C is m such 
a ratio that the concentrations prevailmg there are not altered Con- 
sequently, m the steady state the concentrations of the various sub- 
stances m phase C remain constant although the volume of this phase 
mcreases hnearl}'- with the time 

In the first paper of this series^ a theory was presented which satis- 
factorily accounted for the entire course of the diffusion m a cell model 
mvolvmg the movement of only one salt and water It is the purpose 
of this paper to extend the theory to the simultaneous diffusion of two 
salts and water and to solve the resultmg system of three differential 
equations for the steady state The complete solution for this system 
of equations, which would thus permit the computation of the various 
time curves, has not yet been obtamed The solution for the steady 
state, however, is of special interest because it indicates the conditions 
under which the preferential accumulation of an electrolyte can occur 
Moreover, it has also been shouai® that the volume change of phase C 
with the time when the system is m a steady state is somewhat analo- 
gous to the growth of a hvmg cell 


II 

Fonn7iIaho?i of the Equations 

Since the results of this analysis are to be compared with a variety 
of salt pairs it is desirable to keep the various symbols as general as 
possible The same nomenclature as used in the first paper will be 
retained, with the following generalizations which, it is hoped, iviU 
not prove confusing The subscripts i and i refer to the guaiacolate 
of a cation of species 1 and the bicarbonate of the same species, re- 
spectively The subscripts 2 and n refer to the corresponding salts 
of a second species of cation, while o refers to water 

hloreover, since no quantitative comparison between theory and 
experiment is possible, as will be shoum in Section IV, it seems desir- 

^Longsworth, L G , J Gen Physiol , 1933-34, 17, 211 

^ Longs-worth, L G , The theory of diffusion in cell models and volume changes 
analogous to growth, m Cold Sprmg Harbor sj-mposia on quantitative biology, 
Cold Sprmg Harbor, Long Island Biological Association, 1934, 2, 218 
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able to simpbfy the expressions somewhat by means of the following 
conventions 

1 The variation of the partition coeffiaents at the two phase 
boundaries will be ignored, so that S“ = 

2 The aqueous solutions wiU be considered ideal so that i* = 

f = 2 

3 The effect of the solubility of COj upon the water activity m 
phase C will be ignored in comparison with the effect of the salts 

The foregoing simphfications do not alter the form of the equations 
but merely serve to focus attention upon the relation of the most un 
portant parameters to the characteristics of the steady state 

In strict analogy to equations (6 2) and (6 3) of the first paper of this 
series the following equations may be written 


dn^ 

li ' 


ADxSi 




(2 i) 




inf, 


AD, 


{S,Nf - S.wf) - 


AD,S, 


H-f) 


(2 2 ) 


(2 3 ) 


It should be noted that the same constant is used for the two equilibria 

Salli + n,CO. - Solti + HC 
Slit, + H,CO, =• Soltii + HG 


This IS permissible since both equilibria reduce to the single ionic 
process, 

c- + H CO, = near + hc 


Equations (2 2) and (2 3) have been formulated in a ramner tliat is 
consistent with the definition of the partition coclEaent as given in 
the first paper, namely 

2?® 

5 . = ^ ( 24 ) 

Moreover, the experimental values for St, as reported bj Osterhout and 
assoaates,* arc also consistent Tvith this definition and were measured 
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m the presence of a second alkali guaiacolate m A so that the increase 
in the “effective concentration” of the first salt, due to the common ion 
of the second salt, is reflected in an increased value for the partition 
coefficient Thus 6 'kg = 0 95 when only KG is present m A and = 

0 00036, but the value of this partition coefficient is increased to 1 33 
when NaG is also present m A at the same concentration The 
latter value for must be used m the computations of this paper for 
systems involving sodium and potassium If KG and NaG were 
completely ionized m A and the ions were perfect solutes, the “effective 
concentration” of KG, for example, could be identified with the ionic 
product, (^g-) ^ Moreover, if KG was a perfect non-clcctro- 

lytic solute in B, a partition coeffiaent defined by the relation 

Nlf, 

would be a constant independent of the concentration Actually, 
however, the salts are neither perfect electrolytes in A nor perfect 
non-electrolytes m B Consequently the partition coefficient de- 
fined by equation (2 5) is but slightly less dependent upon the con- 
centration than that defined by (2 4) Shedlovsky and Uhlig“ have 
been able to account for the variation of the partition coefficient with 
the concentration but were unable to express S as an explicit function 
of the latter Neither their treatment nor the coefficient defined by 
equation (2 5) can be readily adapted to the present problem and, as 
explamed above, the definition given by (2 4) ivill be used throughout 
this paper 

It should also be noted that in equations (2 1), (2 2), and (2 3} the 
diffusion coefficient D and partition coefficient S for a given substance 
always occur as the product Thus a salt for which D is large and S 
IS small, relatively, will behave kmetically as one for which D is small 
and G large The parameters which are essential to the theory arc 
therefore the products B.S,, which will henceforth be written simply 

P., the imtial concentrations the factor , and the cquilib- 

rium constant K The dependent variables are wf, and and 

® ShcdJo\skj, T , and Uhbg, H H , / Co/ Physiol , 1933-34, 17, 563 
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t IS the independent variable In subsequent expressions the super- 
ECTipt denoting phase C may be dropped without ambiguity 

in 

Solution for the Steady State 
Differentiation of the expressions 


with respect to the time gives the relations 




dJV,, 


'Tt 


■’ll 


dl 

dn^ 

dl 


In the steady state, however, 


and 


rfA'i 

~di 


N, - N,, 


dN„ 


‘’I ” "lx = Of,, 

so that equations (3 1) and (3 2) become 

, (dnA . 

Elimination of I ) between these two equations gives 


( 31 ) 
(3 2) 


(3J) 
(3 4) 
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or, witli reference to equations (2 2) and (2 3), 

(KNf - (KN^ - N,,) 


(3 5) 


If denotes the ratio Ni^/Nu^ and A/. the ratio Pi/Pz, this equa- 
tion may be rewritten as 


or 


N = K ^ 

^ P — 1 

1/2 ^ 


“■ ’ ^ J”,/. - ‘ 


(3 6) 


(3 7) 


Equation (3 5) represents a simple relationship between the concen- 
trations of the two salts in the steady state such that if one concentra- 
tion is known the other may be easily computed The computation 
of one of the steady state concentrations may be accomplished as 
follows 

If the expressions for and , as given by equations (2 1) 

and (2 2), are substituted m equation (3 3) there results 


IPoKN^ {-N^ - Nf +Nj^+ N^jJ) = P (KN^ - Nj^) (3 8) 


Elimination of iVn, between this expression and equation (3 5) gives, 
after rationalization. 


*1, - N% + ^ 










2 


= 0 


(3 9) 


and an entirely analogous expression may be derived for iVu. 

Numerical computation is simpler, however, with the equation in- 
volving only the ratio, R, This equation may be obtained by sub- 
stituting the values for i\^i„ and lVn„ as given by equations (3 6) and 
(3 7), into equation (3 8) The result, after rationalization, is 
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- [* 2 ? , — + P— N* ^ 1 

']«:+[ 

(' 4 : 

^‘Ny\2{KN^Y kIn})' '!'} 



/ 







Substitution of this value of R, m equations (3 6) and (3 7) then gives 
iVj and directly 

Thus a computation of the concentrations m the steady state, by 
cither equation (3 9) or (3 10), involves the solution of ordinary cubic 

Pi P 

equations In these expressions the ratios and -i have been 

Pi Po 

wntten as Pm and Pm, respectively, and it is evident that the con- 
centrations in the steady state are functions of these ratios only and 
do not depend upon the individual values It may be noted that the 

term 's not present m equations (3 1) to (3 10) and hence has 

no effect on the concentrations in the steady state although the value 
of this factor ivill affect the time curve and the “growth” or volume 
mcrease of phase C after the steady state has been approached The 
parameters which determine Nj , , and R , are therefore i’l/i. 
Pm, K, Ni, and Ni 


IV 

Comparison of Theory anth Experiment 

Osterhout, Kamerhng, and Stanley’ ’ have studied expenmentally 
the simultaneous diffusion of several pairs of alkah guaiacolates in 
the manner desenbed m the mtroduction However, m none of the 
senes of experiments, with one exception, did they allow the diffusion 
to proceed until the steady state was definitely approached Consc 
quently any values for R, which nught be computed from equation 
(3 10) would not be comparable with the experimental results obtained 
by these authors However, the ratio, R, of the salt concentrations in 
phase C which they report might be expected to he between the value, 
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Ro, at zero time and R„ the value m the steady state It seems worth 
whde, therefore, to compute values of R, 

The experimental data which are essential for the following com- 
putations and comparisons are recorded m Table I The results for a 
given salt pair and for a given concentration m phase A are grouped 
together In the original presentation of the experimental results 
volume concentrations were used These have been converted to 

mole fractions with the factor for the aqueous solutions and the 

factor for the non-aqueous phase The first factor is the reapro- 

cal of the number of moles of water m 1 liter of the aqueous phase, the 
number of moles of guaiacol m this phase being neghgible, while 14 4 
IS the sum of the number of moles of guaiacol, 8 4, and the number of 
moles of water, 6 0, m 1 hter of the non-aqueous phase Partition 

55 5 

coefficients on a volume basis must be multiphed by m order to 

convert them to the mole fraction basis The subscript i has been 
assigned to the salt with the larger partition coefficient so that the 
values of S 1 / 2 , which are recorded m Column 7 of Table I, are always 
greater than unity Ni (Column 5) is the concentration of the bi- 
carbonate of cation 1 m phase C after the experiment had been in 
progress for the number of days recorded m the fourth column R 
(Column 6) is the value of Ni/Nn when Ni has the value given in the 
preceding column i? is a rather complex function oi Ni and, since 
the latter shows considerable variation among the experiments of a 
given group, the average value of R which has been computed for each 
group in Table II has only qualitative significance 

Before numerical computations with equation (3 10) can be made, 
values must be assigned to the various parameters iVf and iVj, 
which were equal to each other in every instance, are known from the 
conditions of the experiment, and and Sz have been measured for 
all of the salt pairs which were studied Moreover, it has been 
observed^ that all of the alkali guaiacolates have essentially the same 
diffusion coefficients in guaiacol so that P 1/2 becomes srniply S 1/2 
The constants Pi/o and K have not been measured independently 
but suffiaent data have been reported for one diffusion experiment 
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(Experiment 66), which was allowed to approximate to the steady 
state, to permit the evaluation of these constants Thus in Experi- 
ment 66, for which Sm = Put = 2 14 and iVf = = 0 0009, 


TABLE I 


Sutnmanf oj Results of Osterfiout Katnerhtig and Stanley 


1 

2 

3 

A 

s 

6 

7 

8 

S>I(i S&lti 

- A ^ 

Expert 
ment Ko. 

Ttme 

1 

Ai 

H 

•Ti/i 



1 


dayt 1 





Cs-Na 

0 00036 

U4a 

4 

0 00099 

4 76 

9 6 

4 90 


1 

b 1 

9 

0 00173 

4 20 








Av 4 5 



Rb-Na 

0 00036 

lUa 

4 

0 00106 

2 34 

3 5 

2 39 



b 

7 

0 00197 

2 94 








Av 2 6 ! 



K-Li 

0 00036 ' 

lOSd 

8 

0 00320 

3 07 

5 2 

1 57 



b 

8 

oowso 

2 84 





c 

7 

0 00147 

3 12 





d 

9 

0 00153 

3 72 








Av 3 1 



K-Nfl 

0 00036 

IOOj 


1 0 00185 

2 45 

I 2 12 

1 33 



b 


0 00175 

2 36 





€ 


0 00193 

2 18 






HH 


1 Av 2 3 



K“Na 

0 00090 

1 66 


0 01317 

1 1 62 

2 14 

2 36 

Steady 


80 

HIBi 


2 7 



state 


81 



2 7 





111 



2 0 




1 




Av 2 2 



K-Na 

1 0 0018 

58 

9 


1 4 

2 3 

4 12 



63 

12 


1 5 








Av 1 4| 




ss 0 01317, and i? = 1 62 Substitution of these values m equation 
(3 6) gives a value for K = 32 Further substitution of these values, 
including that for K. which has just been obtained, in equation (3 10) 
gives a value of Pi/o = 1 045 These values for A and Puq compare 
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favorably with the corresponding values, 21 and 1 02, respectively, 
from the first paper of this series No exact comparison is possible, 
however, since the values which have ]ust been computed are affected 
by the simphfymg assumptions which were made in Section II In 
Experiment 66 the subscripts i and 2 refer to potassium and sodium 

respectively, and since 6'i = 2 36, = 0 443 For the 

•Jl XVoOo 

other salt pairs, Pi/o may be obtamed by takmg 0 443 Si Thus for 
the cesium-sodium experiments, = 4 90 and Pi/o = 2 171, it being 
recalled that Di = Di although Di ^ Z)o 
In the numerical solution of equation (3 10) it has been found con- 
venient to use the followmg standard procedure Rewriting this 
equation as 

K -ARI + BR^-C = o (4 1 ) 

the substitution 

-R, = *)> + j (4 2) 

in which 

reduces equation (4 1) to 

y^ + 2 =3/>y (4 4) 

in which 

In equation (4 4), y is a tnvalent function of the single parameter 
3 p and can be tabulated in a given region as accurately as required 
The tables in Jahnke-Emde'^ were found to be satisfactory 
As an example of the use of these tables, R. for Experiment 66 may 
be computed Since P 1/2 = 2 14, Rj/o = 1 045, R = 32, and iVf 

^ Jahnke, E , and Emde, F , Funktionentafeln, Lcipsic. B G Teubner, 2nd 
edition, 1933, p 27 
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= j = 0 00090, the coeffiaents of equation (41) become A = 3 855, 
B = 0 7933, and C = —4 58 Substitution of these values in equa- 
tion (4 3) gives a value for J = 0 8784 and hence m equation (4 5), 
3 ^ = 5 39 The three roots m the tables’ corresponding to this value 
of p are yi = 2 107, y. = 0 3813, and y, = —2 489 The smallest 
positive root of equation (3 10) is the only physically possible one and 
m the present example this is given by yj, so that 

R = iji + I = 1 62 

Suhstitubon of this value for R, m equation (3 6) gives a value for 
Ni, = 0 01317, these values for R and Ni being identical with the 


TABIX n 


Computaltcn of R, attd Nu for K 32 ottd Pm — 0 443 Si 


1 

Saltr^t] 

Cs-Na 

Rb-Na 

K-Li 

K-Na 

K-Na 

K-Na 

2 


0 00036 

0 00036 

0 00036 

0 00036 

0 00090 

0 0018 

3 

Sin “ Pin 

9 6 

3 5 

5 2 

2 12 

2 14 

2 3 

4 

St 

4 90 

2 39 

1 57 

1 33 

2 36 

4 12 

5 

PU9 

2 171 

1 059 


0 589 

1 045 

1 825 

6 

iVi,-calc 

0 00872 


0 00630 

0 00587 

0 01317 

0 0253 

mm 

iJ,-calc 

3 09 


2 90 

1 55 

1 62 

1 73 

Q 

JU (Tabid) 

4 5 


3 1 

2 3 

2 2 

1 4, 

■ 

Ro “ Siti 

9 6 



2 12 

2 14 

2 3 


experimental values which were used m the evaluation of K and Pj/o, 
thereby furnishing a check upon the numencal solution of equation 
(3 10) 

The values of R and iVi, for the various senes listed m Table I 
were computed as m the preceding example and are recorded m Rows 
6 and 7 of Table II The values of the parameters which were used m 
these computations are recorded in the first five rows of the table 
The average values of R from Table I are recorded m the eighth row 
of Table n, while in the last row the values of Sm are repeated, smce 
Sill IS also the value of R at zero time or Ro ‘ For the first three salt 
pairs in the table the value of P , is intermediate between R 
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and Rq as would be expected This is also true for the potassium- 
sodium series if an average of 


^average = J(22 -)- 23 -M4,) 


20 


for all three series is taken However, when considered individually, 
the potassium-sodium series show deviations from the expected be- 
havior, although these deviations are of the same order of magnitude 
as the deviations of the mdividual values from the mean 
A comparison of Nj, in a given column of Table II with the indi- 
vidual values of Ni for the corresponding series m Table I mdicates 
that the experiments were usually interrupted long before the steady 
state had been approached It may be significant, however, that in 
Experiment 108 &, which was allowed to approach the steady state 
much more closely than any other experiment, the observed value 
for i? = 2 84 is m good agreement with the computed value for R, 
= 2 90 


Osterhout, Kamerlmg, and Stanley have also computed their re- 
sults so as to be able to express the accumulation of a given alkah salt 
m C relative to cesium Followmg the procedure of these authors 
the relative accumulation, expressed as per cent of the smiultaneous 
value for cesium, has been plotted in Fig 1 against the partition coef- 
ficient of the corresponding alkah guaiacolate, the experimental points 
being indicated by ardes In the notation of the present paper this 

IS a plot of versus Sz for a series of salt pairs in which the sub- 


script 1 (or i) refers to cesium The author has computed values of 
R, for such a series by means of equation (3 10), retaining the values K 

— 32 and Pi/o = 0 443 Si, and the results, plotted as are indicated 

R, 


by the full curve in Fig 1 This curve represents the relative accu- 
mulation which would have occurred if the experiments had approxi- 
mated to the steady state The straight dashed hne in Fig 1 is a 

plot of ^ represents the relative accumulation which 

occurs in the early stages of the experiment Without exception tlie 
experimental pomts he within the area bounded by the full and dashed 
hnes, as required by the theorj’’ 
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Pep cent 



Fig 1 A comparison of theory with experiment for the accumulation relative 
to cesium, of a second alkali metal bicarbonate m phase C of the model The 
ordinates indicate the concentration of the second salt m C expressed as per cent 
of the simultaneous value for cesium If the ordinate for the second salt is less 
than 100 preferential accumulation of cesium is mdicated since the guaiacolates 
of both metals are present m phase A at equal concentrations 
The partition coefScients are plotted as absossac In the early stages of an 
experiment before an appreciable amount of water has diffused mto phase C 
the rates of entrance of the two salts mto that phase are m the same ratio as their 
partition coeflScients Consequently the straight dashed line in the figure mdi 
cates the accumulation relative to cesium, m the early stages As the cxpen 
ment proceeds however, the simple relations which hold initially are compUcated 
by the sunultaneous diffusion of water mto C This compbcation has been taken 
mto account m computing the accumulation to be expected m the steady state, 
as shown by the full curve The ordes arc the experimental values for s> stems 
which have not >et attained the steady state and he entirely within the area 
bounded by the full and dashed Imes as required by the theory 

Thus for the system involving cesium and sodium, the concentration of cesium 
m phase C in the early stages of the expenroent is about 7 8 times that of sodium 
In the stead) state however, the Cs/Na ratio is onI> 2 7 The observed vnlue 
of this ratio m an experiment which had not reached the steady state was 4 5, 
thus bemg mtermediate between the imbat and steady slate values 
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V 


DISCUSSION 


The theory, in its present state of development, has been designed 
to account for the results of diffusion in the cell models of Osterhout 
and associates These models were developed m order to establish a 
possible mechanism for certain of the effects which are observed in 
the accumulation of electrol 3 d;es by hvmg cells The behavior of 
Valoma macrophysa is a rather marked example of preferential ac- 
cumulation of potassium ion from sea water and the cell is able to 
effect this accumulation without simultaneously developing a total 
salt concentration m the sap which is very different from that of the 
surrounding sea water The following discussion of this cell in terms 
of the present theory may be of interest, although it cannot be too 
strongly emphasized that the theory m its present form is quite in- 
capable of accounting for the fact that the chloride ion is the ionic 
species chiefly associated with the potassium and sodium ions in both 
the cell sap and the sea water Disregarding this limitation of the 
theory, however, and focussmg attention upon the concentration rela- 
tions of the cations, the restrictions which are placed upon the various 
parameters by certain physical requirements may be mvestigated as 
follows 

If the subscript 1 refers to potassium and 2 to sodium, the compo- 
sition of sea water in these two constituents may be taken as iVi = 

= 0 000212, = 0 0090, and Nf/Nf = 0 024 The 

55 5 5 55 

composition of the sap of Valoma macrophysa^ is i\^i, = r— = 0 0090, 

00 o 


iVm = ^ = 0 00162, and R. = 5 55 
00 o 


Substitution of these values 


m equations (3 6) and (3 8) gives the followmg two relations between 
R, Pi/2j and Pi/o, 

^ ( 5 1 ) 

0 024 - 5 55 


K = 


l/o 


0 024 - 0 00281 


(5 2) 


S Osterhout, W J V , / Ger; Physiol , 1930-31, 14, 285 



LEWIS G lONGSWORTH 


641 


These three parameters are essentially positive and K has been as 
sumed finite but greater than unity In equation (S 1), houever, K 
IS less than umty for 0 < P,, <1 and becomes negapve for 1 < Pin 
< 231 After passmg through a discontinuity at Pj/i = 231, the 
value which renders the denommator of equation (5 1) equal to zero, 
the value of K then decreases with increasmg values of Pi/ and hence 
231 represents a lower hmit to the physically possible values for Pi/j 
In a similar manner a lower lumt of 0 117 may be assigned to Pm 

DiSt 

It will be recalled that Pm = and similarly for Pm The 
DtSi 

variations which are observed among the diffusion coefficients of 
different crystalloids are relatively slight and, considered alone, are 
probably mcapable of accountmg for any pronounced deviations of 
the above ratios from unity In fact, for the purposes of the present 
discussion, aU diffusion coeffiaents may be assumed equal, so that 
P,/ = Si/- = 5i/5!, and Pi/o = Si/5o On the other hand it should bo 
possible to find potassium and sodium salts of the same anion whose 
partition coeffiaents m a two phase hquid system differ by a factor of 
several hundred and consequently the mmimum \alue for Sm which 
was computed above is physically possible On the basis of similar 
arguments, Sm > 0 117 is not unreasonable 

If the value of 100 be assigned arbtlranly to K, values of 396 and 
0 2 may be computed for Sm and Sm> respectively, from equations 
(S 1) and (S 2) Since examples are rare m which one of the com 
ponents in a two component system m two hquid phases has a con- 
centrapon greater than 0 5m the phase which is nchest in the other 
component, it is therefore probable that 0<So<OS Ifa value of 
0 2 be assigned arbitrarily to 5o, then 5i = 0 04, and 5i = 0 0001, 
values which are physically possible, although mdicating a rather 
low concentrapon of the potassium and sodium salts m the non 
aqueous phase Hence, an appheapon of the incomplete theory to 
the rather expeme example of preferential potassium accumulaPon 
which is presented by Valonta does not mvolve any physical absurdi 
ties although this fact, of course, does not establish the vahdity of the 
mechamsm which has been assumed 
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SUMMARY 

The differential equations describing diffusion in cell models have 
been extended to mclude the simultaneous penetration of water and 
two salts These equations have been solved for the steady state 
Values for the concentrations m the steady state which may be com- 
puted from the equations compare favorably with the experimental 
values obtained by Osterhout, Kamerhng, and Stanley Moreover, 
it has been shown elsewhere® that the solution for the steady state is 
essential to a discussion of the volume change or “growth” of phase 
C m the models and, by analogy, in hving cells 
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X 

The results of several investigators along with the fact that spinal 
cutaneous nerves of catfish showed no impulses for temperature 
changes between 0 and 35®C led Hoagland to suggest that certain 
speaal receptors of the lateral Ime system may possibly serve as ther- 
mal receptors 

Wells (1914) has found that fish respond quicUy to temperature differences 
m the water and evidently possess thermal receptors Ward (1927 1929 1932) 
has shown that temperatures of streams play an important r6!e in directing the 
migrations of salmon It has been shown by Parker (1902, 1904), Hofer (1908), 
Parker and Van Heusen (1917) Hoagland (1932, 1933 a, b, c), and Dykgraaf 
(1933) that the lateral line organs m fishes serve prunarily as mechanoreceptors 
Records of electrical responses from the lateral line nerves of fishes obtamed by 
Hoagland, and described m the papers just ated also show that certam receptors 
of the lateral hne system ate normally in a state of continuous activity, discharg 
mg impulses repetitively over their attached nerve fibers These receptors were 
shown to be supplied by different nerve fibers of the lateral line trunk from those 
supplying the purely tactile receptors Relationships were eatabhshed between 
the frequency of the spontaneous ' discharge of nerve impulses and the temper 
ature of the receptors (0 to 35®C ) The frequency was found to mcrease with 
temperature accordmg to the Arrhenius equation Thresholds of thermal activa 
tion were demonstrated for the discharge of these speaal organs of the lateral 
line system m the catfish, Ameiurus nebulosus Lcs 

With the view to investigating the r61e of the spontaneously active 
umts as thermal receptors, the following behavior experiments were 
performed on Avtetiirus nebulostis Les (the common catfish), Eupo~ 
molts gihhostis L (the common red giUed sunfish), Lepomis palUdus 
MitchiU (the blue gilled sunfish), and Perea jla'^csccns Mitchill (the 
common perch) Three groups of each speaes were used (1) Nor 
mal — intact fishes, (2) Cut — fishes with lateral hne nerves (ramus 
643 
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lateralis X) cut just posterior to the gills on each side of the trunk, 
(3) Control — animals whose skin was cut in the same place as those 
m Group 2, but -vwth the lateral-lme nerves left mtact 

Modification of behavior m response to thermal stimulation was 
tested as a function of the lateral-lme system in the trunk only, the 
effect of the head organs on the behavior of the fish was not tested 
The head organs were left mtact in all of the groups, and their effect, 
if any, upon response to changes m temperature was the same in all 
the experiments 

Animals were placed, one at a tune, m an aluminum pan containing 
water m which was immersed a cahbrated thermometer The water 
was heated by means of an ordmary circular gas burner, and the fish’s 
reactions to the rismg temperature were noted Extraneous con- 
ditions were kept constant throughout aU the experiments The 
water was changed before each trial The behavior of the fish was 
mdependent of the rate of change (approximately 3 to 5°C per minute) 
of temperature of the bath for the experimental ranges Varying 
temperature ranges were used between the hmits of 0° and 34°C 

II 

The normal and control fishes became markedly active at specific 
“resfionse temperatures” mdicated m Table I, while the cut fishes be- 
came active only at considerably higher, lethal temperatures (37 0 
±1 5°C ), showmg no activity at the response temperature of the 
normal fish The responses were in the form of vigorous swimming 
movements and pushing agamst the walls of the contamer At tem- 
peratures below the response temperatures the animals were, as a rule, 
quiescent m the water 

On repeating the experiments on a second group of catfish a year 
later, it was found that they did not respond consistently to the re- 
sponse temperature previously observed The catfish were very rest- 
less and would not remain quiet long enough for the experiment to be 
carried out Freshly caught, jmung catfish behaved similarly No 
satisfactory reason could be found for this difference m behavior A 
second group of red-giUed sunfish, however, behaved typically, and 
the mumrmchog {Fundulus hcicrodiiiis), show'ed a characteristic re- 
sponse temperature Instead of being placed directly in the pan. 
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Fundiihis was confined in a small beaker which was put m the pan 
This did awa}' with the random s wimmin g movements which took 
place when the small Fimduhts (about 1 5 mches) was placed m the 
pan The second group of catfish were, however, not quieted by this 
procedure The results of the experiments on Fwiditlm are also 
contamed in Table I 

The behavior of the normal and control sunfish is espeaaUy inter- 
estmg smce the}’' usually keel over laterally in response to a shght 
mcrease of temperature even before the thermometer records the 
change The cut sunfish did not keel over m this way, although it 
was stfil capable of domg so This mdicates that the response is due 
to the activation of thermal receptors, smce the fish could not have 
been warmed internally to any appreaable extent before a change in 
temperature was recorded by the thermometer 

From this last fact and from the data in Table I it appears that 
certain receptors of the lateral-hne system are mvolved m thermal 
reception, probably m addition to those receptors concerned with 
mechanoreception, smce fishes with the rarm laterahs X cut do not 
react to temperature changes as do the mtact (normal) or the control 
fishes 


SUMMARY 

The reactions of catfish, sunfish, perch, and mummichog to tem- 
perature changes, as described m this paper, indicate that certain 
receptors supphed b}* the lateral-hne nerve are concerned vith thermal 
reception 

The author wishes to express his thanks to Professor Hudson Hoag- 
land for helpful suggestions and critiasms 
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STUDIES ON THE GROWTH HORMONE OF PLANTS 
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Nature or the Growth Process 
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{From the William G Kerckhqff Laboratories of the Biological Sciences^ California 
Institute of Technology f Pasadena) 

(Accepted for publication, July 20 1934) 

Since the early work of Went (1928), it has been known that the 
growth substance of the Aveita coleoptile may be obtained m the usual 
way, « e by diffusion into agar blocks, only from that part of the plant 
which produces it, namely the tip The hormone is not recoverable 
m this way from those parts of the plant, such as the lower zones, 
which only make use of it Recent work (Thimann, 1934) has, how 
ever, shown that by extraction with chloroform some growth sub 
stance is recoverable from the lower zones of the coleoptile The re- 
sults of tbs extraction method confirmed the earher view that there 
IS a marked concentration gradient of growth substance from tip to 
base 

The fact that there is less growth substance in the rapidly gromng 
rmddlc zones than in the hormone producing tip has been commonly 
interpreted to mean that growth substance is actually destroyed m 
the growth process It is dear, however, that this is not of necessity 
the case It could equally well be that this inactivation is earned out 
in the plant by processes quite apart from those of growth In an 
earlier paper (Thimann and Bonner, 1933), it was shown that the 
growth of the coleoptile is under certam conditions proportional to 
the amount of growth substance entenng the plant If it could fur 
ther be established that, at least under some conditions, the growth 
appearmg is proportional not only to the amount entering but to the 
amount actually inactivated, this would indicate strongly that the 
hormone is destroyed, or at least transformed, m the growth process 
To show that this is actually the case, the extraction method, which 
649 
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makes it possible to determine the amount of growth substance de- 
stroyed, has been used, and experiments of this kind "mil now be 
described 


EXPERIMENTAL 

The chloroform extraction of coleoptiles was used as described m a previous 
paper, (Thimann, 1934) The previous procedure was modified by the use of a 
specially designed mechanical grmder From the coleoptiles used the tip, 5 to 
7 mm long, was m all cases removed About 200 plants were used for each 
extracbon 

In the course of the experiments, considerable vanabon m the amount of 
grow'th substance present m the plants was encountered This vanabon is ap- 
parentl}' m part normal, but is also m part due to the presence of variable small 
amounts of peroxides m the chloroform These quantibes were too small to be 
detected by the titanium sulfate test (less than 5 X 10"® mols per hter), but w'ere 
nevertheless sufficient to macbvate small amounts of grow'th substance, occasion- 
all}’- even a significant fracbon of the total amount That there were small 
amounts of peroxides present was shown by the partial macbvabon of know n small 
quanbbes of growth substance by shakmg with the chloroform Redistillabon, 
washmg with water, and addibon of btanous sulfate to the chloroform did not 
completely remove this pow'er of macbvabon 

RESULTS 

(A) Growth Substance Used and Growth Resulting, after Decapitation 
— The first point to be investigated was the decrease of growth sub- 
stance in the plant after the removal of the hormone-produang tip 
It IS knowTi that for approximately 2 hours after removal of this tip 
the growth rate falls steadily At the end of this time, the topmost 
zones of the stump begm to produce the hormone and an increase in 
the growth rate is observed Table I shows that correspondingly 
after 2 hours the amount of growth substance in the plant has fallen to 
about one-half of its origmal value After 3 hours, on the other hand, 
the amount of growth substance is, due to the “regeneration” de- 
scribed above, approximately the same as in the freshly decapitated 
plant 

Table I shows that m 2 hours approximately 2 7 units of growth 
substance disappear The data of the earher paper (Thimann and 
Bonner, 1933) show that oxer the range in which the groxvth response 
IS proportional to the growth substance entering the plant, 2 7 units 
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of growtli substance m the plant would give 0 73 mm of elongation 
If growth IS proportional to the amount of growth substance which 
disappears, and if all growth substance entermg the plant ultimately 
disappears m this way, these decapitated coleoptiles should then 
grow 0 73 mm Reference to Table II of the earlier paper reveals 
that m 2 hours approximately 0 79 mm of growth occurs, a very satis 
factory agreement with the expected value 
(B) Gmvth Siibslance Used and Growth Resulting, after Application 
of Additional Groiotli Substance — ^If growth substance be applied, m 
agar blocks, to a decapitated coleoptile, an immediate increase m 
growth rate occurs In addition the coleoptile continues to groiv 
faster than normal for some time after removal of the block In the 


TABLE I 

Amount of Growth Substance Present in Coleoptiles at Diferent Times after 
Decapitation 


Expenneat 

lagys 

Growth subsUnce 

ofittt p«r pilot 

Time efler deeaptU 

tieo 

Growth MbsUoce 

units per plant 

1 

0 

5 0 

k f 

2 

3 1 

2 

0 

6 4 

2 

2 9 

3 

(Mean of two) 

0 

7 7 

3 

6 4 


present experiments, agar blocks contaming 47 units of growth sub 
stance were allowed to remam upon coleoptiles during 2 hours Dur 
mg this time approximately 37 per cent (extrapolation from data for 
110 minutes m Table I of Thimann and Bonner, 1933), or 17 4 units 
of this 47 umts, enter the plant Table II shows that, honever, only 
a small proportion of this may be recovered at the end of 2 hours The 
average of several experiments (see also Table III) gives 6 6 units as 
the amount recoverable According to the earher paper, this 6 6 umts 
should cause a further 1 78 mm of elongation before the coleoptile 
returns to the normal growth rate Interpolatmg m Table III of 
the same paper, (1933), (for 47 unit blocks), one finds that approxi 
matcly 1 72 mm occur, agam a verj satisfactory agreement with the 
expected value 
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We have now cases in which the growth appearing is propor- 
tional, not only to the growth substance entering the plant, but also 
to the growth substance used up In these two cases it appears, then, 
that the growth is proportional to the amount of growth substance 
which has undergone transformation mto an inactive form 
In the earher paper it was shown that with agar blocks containing as 
much as 47 units, the growth per unit of growth substance is less than 


TABLE II 

Amount of Growth Substance {in Units per Plant) Recoverable from Colcoplilcs 
Supplied with 47 Unit Agar Blocks during 2 Hours 


Experiment 

Plants with 47 unit blocks 

Plants without 47 unit blocks 

1 

9 4 

3 7 

2 

3 5 

1 7 

3 

5 5 

2 4 


TABLE ni 

Average Number of Growth Substance Units Recovered from Freshly Decapitated 
Plants and from Plants Supplied during 2 Hours with 47 Unit Agar Blocks 


Units per plant 


Fresh plants 

47 unit plants 

5 0 

9 4 

6 4 

3 5 

4 2 

5 5 

3 2 

8 7 

3 4 

5 0 

3 3 

7 6 

Mean 4 3 ± 0 5 

6 6±0 9 


With smaller amounts in the block, t c , some factor other than growth 
substance is limiting growth Considering the first 2 hours of the pres- 
ent experiment, 17 4 units will enter the plant from the block In 
addition there were originally present 4 3 units, (lable III) During 
the 2 hours, then, 21 7 less 6 6, or 15 1, units of growth substance have 
disappeared Although if the response to growth substance were 
hnear tins would result m 4 06 mm of growth, Table III of the earlier 
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paper (Thimann and Bonner, 1933) shows that only 2 55 mm appear 
There is, then, m the presence of high growth substance concentrations, 
more growth substance destroyed than is used m growth This was 
confirmed by the apphcation for 2 hours of blocks contammg 310 
units At the end of the 2 hours, the plants w ere found to contam only 
9 6 units per plant The amount of growth in plants with 310 unit 
blocks IS only about 25 per cent more than in plants with 47 umt 
blocks, while the amount of growth substance inactivation is about 7 
times as much Thus, m this case, the bulk of the growth substance 
entermg the plant is destroyed without resulting m growth This 
excessive destruction of growth substance m the presence of high 
concentrations is more than sufficient to account for the deviation from 


TABLE IV 

Extraction of Growth Substance from Cut Off Cokoptiles 



FUats bases (o snter 

Plants with bases dry 

TrcAtment 

1 Growth substaoee in units p«r 

1 plant 

1 Growth substasee m units per 
plant 


Before treatseot 


Before treatment 

After treatment 

Decapitate leave 2 hours 

3 2 

1 6 

4 2 

1 9 

Apply47 umtblockfor2hours 


8 7 

1 

7 0 



5 0 


6 0 

^lean 


6 8 


6 5 


hneanty of the growth growth substance curve given in the earher 
paper 

(C) Grmith Substattcc Used vnthout any Accompanying Growth — 
Trom the precedmg section it is necessary to conclude that m the pres 
encc of small growth substance concentrations and of external con 
dibons favorable to growth there is a quantitative relation between 
growth substance converted to an inactive form, tc , used up, and 
growth resultmg In the presence of excess growth substance, how 
ever, the latter disappears without the appearance of a corresponding 
amount of growth This fact suggests that if factors other than 
growth substance were made to lumt growth the hormone would never 
thcless disappear Experiments were therefore carried out in which 
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available water was made the limiting factor In Table IV is sum- 
marized the disappearance of growth substance m coleoptiles cut from 
their roots and placed (1) with their bases in water, and (2) vath their 
bases dry, m a saturated atmosphere The decrease of growth sub- 
stance after decapitation takes place to about the same extent as in 
the normal plant m both cases In addition, if 47 unit blocks be 
apphed to these plants for 2 hours, then the amount of growth sub- 
stance which disappears is about the same as in normal plants, despite 
the fact that, as will be shown m Table V, the plants with inadequate 
water supply grow only about one-fourth as much as those with their 
bases in water The logical conclusion is that under conditions un- 
favorable to growth the conversion of growth substance to an inactive 
form nevertheless takes place 

(Z)) Growth Substance Used tn Relation to Subsequent Growth — 
It is of interest to discover whether this growth substance which dis- 
appears without any accompanying growth is available for subsequent 
growth if the conditions are agam made favorable For this purpose 
the growth, m 2 hours, of plants to which 47 unit agar blocks were 
apphed, with and without adequate water supply, was measured At 
the end of this time water was supphed to all the plants and the agar 
blocks removed from one-half of the plants of each group The growth 
rates were then measured during the next 4 hours We know that in 
the “wet” plants there was m the first 2 hours a certain amount of 
growth substance converted to inactive form and presumably used, 
at least m part, for growth In the “dry” plants, on the other hand, 
the same amount of growth substance has been destroyed in the first 
2 hours but a much smaller portion of it used m growth since less 
growth has occurred, (Table V) If the uselessly destroyed growth 
substance is still available for growth, these formerly dry plants 
should, upon the addition of water, grow faster than the previously 
wet plants Table V shows that on the contrary they grow more 
slowly This IS not because they are for other reasons incapable of 
fast growth, since those to which growth substance is continuously 
supphed grow' much more swiftly It is necessary to conclude that 
grow th substance, m order to be used in grow th, must be inactivated 
at the time at which the actual grow'th takes place 

(£) Nature of the Inactivation Reaction — Growth substance is 
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known to be readily oxidized i» vtlTO both by ordinary oxidants (c g 
hydrogen peroxide) and by plant oxidase preparations, (Thimann, 
1934) It is also known that at least one of the growth processes 


TABEE V 

Efeci of Temporary Water Lack upon the Grcacth oj Colcoptiles (^Agar Blacks 
Conlaintng 47 Units) 


Sues iret 


1 Btscswtt ' 

So. ofpbsti 

Crowtb In 1st 2 bn. 

1 

Growth tn 

1 2nd 2 hn. j 

2rd 2 hours 

WEBM 



#fT tent 



Blocks left on 


S 5 

9 


Blocks taken oS ' 


0 3 

9 

Bues djy 1 


Bisowct 




Growth is 

No of plant* 

Growth tn Ist 2 bn. 







2Bd2bt«. 

3rd 2 hn. 


per eeni ' 


Per etnl 

Per tent 


1 6 

Blocks left on 

5 8 

4 1 

7 


Blacks taken oS ' 

1 

2 0 

0 8 

9 


TABLE VI 


Disappearance of Growth Substance tn the Presence of 10“^ n UCN 


Eipctlmcnt 

1 Growth subsUnce (unit* per plant) In plant* 

Fre&hlr decapitated 

I Id HCN 2 hr*. | 

In water 2 brs 

1 

2 1 

mmmm 

0 3 

2 



2 2 

3 



0 8 

4 



1 8 

Means 1 

SdB 

1 1 

13 


of the coleoptile can be inhibited by HCN in the same manner as can 
the rcspirabon (Bonner, 1933) It was therefore of interest to detcr- 
tmne whether the mactivation of growth substance in the plant is 
inhibited by HCN Table VI shows that the destruction of grow th 
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substance is not significantly affected by concentrations of HCN suf- 
ficient to inhibit growth almost completely The destruction of 
growth substance is not, therefore, the cyanide-inhibited reaction of 
the growth process 


DISCUSSION 

The reactions taking place m the cell elongation of the Avcm 
coleoptile may be mcluded under the following heads 

J The Passage of Groivih Substance into the Growing Portions of 
the Plant — This process has been studied particularly by Van der 
Wey (1932, 1934) It has been shown not to be a simple diffusion 
of the hormone Unpubhshed experiments have shown that in tlie 
absence of oxygen the transport of growth substance does not take 
place It IS clear that the transport of the hormone from the tip or 
agar block is a prerequisite for the reaction of growth substance in 
the growmg regions of the plant 

2 The Chemical Transformation of Groivth Substance — ^It has been 
shown above that under conditions which are favorable to growth, 
grontli substance inactivation is strictly proportional to growth It 
IS therefore most reasonable to assume that the chemical transforma- 
tion involved is an essential reaction in the growth process Under 
conditions unfavorable for growth the mactivation of growth sub- 
stance nevertheless continues This is most easily interpreted to mean 
that the inactivation is the first member of a chain of growth reactions, 
and that hence it may take place even if the subsequent reactions do 
not Concerning the nature of the change we have no information 
other than that it is not inhibited by cyanide It has been shown 
above that, in order to be of use in growth, this chemical transforma- 
tion must take place at the same time as the actual elongation, i c , 
the products of the reaction cannot be stored for any appreciable time 
This reaction is, then, closely hnked to those succeeding it 

3 The Cyanidc-InJnbitcd Reaction — It has been shoira (Bonner, 
1933), that the gro^sth of the Avena coleoptile is inhibited by KCN in 
approxunately the same nay as is its respiration Since, hoivevcr, 
most of the energ)' of respiration is liberated as heat, the respiration 
as a whole can hardly be said to be a part of the grow th process On 
the contrary it may be said vath fair certainty, on this as veil as on 
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Other grounds, that the respiration like reaction of the growth process 
forms but a small portion of the total respiration It has been shown 
above that the inactivabon of growth substance is not the reaction 
which IS inhibited by HCN, but that these two distinct reactions are 
necessary to the growth process 

4 The Physical Process — ^This portion of the growth process is 
probably the actual mechamcal stretching of the cell walls Some 
experiments on temperature coeffiaents, which will not be given in 
detail here, indicate that the Qio of coleoptile elongation as a whole is 
markedly below 2, at least for some time after removal of a coleoptile 
from a higher temperature to a tower Dunng the first 2 hours after 
decreasmg the temperature, the average Qw between, for example, 
25° and 10° was found to be 1 7 while the Qid of the respiratory reac 
tion, as measured by the Qm of the respiration as a whole, was under 
the same conditions 2 6 This indicates that the respiratory process 
with Its high Qm is linked to a process havmg a very low Qio, perhaps 
dose to 1 , t e , a physical process It is of interest that Heyn and Van 
Overbcek (1931) have shown that the Qn of plastic stretching of the 
cell walls of the coleoptile is also below 2 

5 The Uptake of Water and the Resulting Visible Increase in Cell 
Sice — It IS of course dear that water uptake is necessary for an m 
crease in cell size This is well illustrated in Table V, where plants 
having an inadequate water supply elongate but little 

If reaction 4 is the mechamcal stretching of the cell wall, it is clear 
that 4 and S must go on at the same time In Section D above it was 
shown that reaction 2 must go on at the same time as 4 and S, and it 
has been previously and mdependently shown that reaction 3 must 
take place at the same time as reactions 4 and S The last four com 
poncnts of the growth process are, therefore, dosely linked 

Heyn (1931) and Heyn and Van Overbeek (1931) have shown that 
the pnnapal change in the properties of the coleoptile which accom 
panies the action of growth substance is an increase in the plasticity 
of the cell wall Since reactions 4 and 5 arc concerned vith the actual 
elongation, it is dear that this increase in wall plastiaty must take 
place as a result of reactions 2 and 3 

In view of the fact that, up to the present, only information of a 
rather negative nature has been obtained concermng the more inti 
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mate qualities of the above components of the growth process m the 
Avena coleoptile, a further discussion would be unprofitable It is of 
interest, however, to summarize m a diagram the reactions which are 
already known, particularly for comparison with the schemes recently 
proposed by Sodmg (1934) and by Strugger (1934) It is clear from 
this diagram that the growth process may be stopped at any one of a 
number of places When it is so stopped, the reactions preceding the 
one which is mhibited may continue to take place, but no growth 
occurs 


The Growth Process 


Preliminary Preparation of the 

cell wall 


Visible growth 


The 1 

reactions Growth 

substance 
transport 
and uptake 
by the cell 


>2 >3 

Growth Reaction 

substance inhibited 

transfonna- by HCN 

tion 


).4< 5 

Physical or Water up- 
mechanical take (or 
process other 

(wall mechanical 

stretching) force) 


1 

3 

Growth IS Lack of growth 

Presence of HCN 

mhibited by substance 

Lack of oxygen 

Lack of 


oxygen 



5 

Lack of 
water 
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I 

Concerning the control of geotropic onentation in puhnonates there 
has existed a certain difference of opinion With Beltx aspersa Cole 
(1928) showed that the speed of oriented creeping upon an inclined 
surface was greater the higher the slope of the surface, and that this 
speed was increased by forcing the snail to carry an added load Wolf 
(1926-27) found that Agrtohmax onented upward upon an inclined 
surface in such a way that the angle of the path upon the surface in 
creased with the slope, in the general manner found for geonegative 
orientation in young rats (Crozier and Pincus, 1926-27, etc) and a 
vanety of other forms (cf Crozier, 1929) On the basis of certain 
perhaps unnecessary and in all probability irrelevant preconcepbons 
as to the sigmficance of the statocyst, and of certain tests which ivill 
be discussed subsequently, Pidron (1928), von Buddenbrock (1931), 
and Jbger (1932) have objected to the inteiprctabon of these and re- 
lated facts, particularly as concerns the geonegaUve onentabon of 
Limax and Belix 

A vanety of tests with diverse pulmonates demonsbates the pre- 
ponderant r61e of the distnbubon of tensions impressed asymmet 
ncally upon the body musculature in the primary excitabon leading to 
geobopic onentabon (Cole, 1928, Crozier and Fedenghi, 1924-25, 
Wolf, 1926-27, Crozier and Pincus, 1929-30, Crozier and Navez, 
1930, Hoagland and Crazier, 1931-32) The further fact that, as 
demonstrated with a number of forms, there is a relabonship between 
the slope of the surface and the angle of onented progression upon it 
(Crozier and Navez, 1930) implies that the process of onentation 
conbnues until there is sensonal equivalence of the effects of muscle 
6S9 
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stretcliing upon the two sides of the body On this assumption equa- 
tions have been arrived at (cf Crozier and Pincus, 1926-27, etc , 
Wolf, 1926-27) which successfully describe the connection between 
angular inclination of surface (a) and angle of orientation on the sur- 
face (e) The curves depicting these relationships are distorted in 
predictable ways when the animals are forced to carry additional 
loads, and m other ways, and the equations are necessarily different 
for animals which are geometrically diverse as regards the distribution 
of gravitationally impressed tensions in the supporting musculature 
(cf Crozier and Stier, 1927-28, 1928-29, Kropp and Crozier, 1928- 
29, Crozier and Pmcus, 1929-30) (It must be remarked that to 
these facts, and to the functional analysis of the vanahhty of geo- 
tropic performance in the papers cited, Pi4ron (1928), von Bud- 
denbrock (1931), and Jager (1932) give no attention whatever) 

Upon an inclmed surface the gravitational component capable of 
influencing the onentation of a pulmonate is proportional to sin a 
It happens that for Agnohiitox and certain other animals the angle of 
upwardly directed creeping is nearly (although not exactly) propor- 
tional to log sin a (Wolf, 1926-27, Crozier and Pincus, 1926-27, 
1929-30) , the curve is in fact a flat S, although closely spaced observa- 
tions are required to detect it From reasonable assumptions as to 
the distribution of the pull of the animal’s mass upon tlie anterior 
musculature, the equation 

(A sin a) (A sin 0) = — const 

was den\ ed (cf Wolf, 1926-27) to describe the limitation of onentation 
in Agnohmax as a function of the slope of the surface, and does so 
successfully 

It was desirable to reexamine this matter, particularly with Echx 
Jager (1932) concluded that since Uchx has a statocyst, and since it 
appeared to orient precisely under water, vith no dependence of 0 
upon a, the lav of limitation of orientation through equilibration of 
muscle tensions on the tvo sides could not apply Hoagland and 
Crozier (1931-32) had found, hovexcr, that the reaction time (latent 
penod) for geotropic response vas inversely proportional to sin a, 
and V as shortened by added loads (as in Ltguiis (Crozier and Navez, 
1930)) 
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Bdtx nemoralis v/ere prepared a day before by removing the eye bearing ends 
of the cephalic tentacles With the foot extended for creeping a snail vas then 
transferred to a large freshly washed glass plate inchned at a desired angle The 
long axis of the snail was placed in a horizontal bne When creeping was begun 
orientation upward occurred at all slopes above 15 The ortented path was at 
an angle 0 on the glass plate, measured by placing on the under side of the plate 
a celluloid ruler with a central line marked upon it which permitted the rapid use 
of a protractor There were frequently slight differences apparent between 
orientations to the right and to the left For convenience, only onentations to 
the right were considered The path is easily disturbed by air currents due to 
motion of the observer’s hands, or to the breath In creeping there occur alter 
nating slow turmngs of the anterior end to right and to left, which bring about a 
shght time fluctuation of orientation angle m repeated trials at brief intervals 
If initially so placed that orientation involves tummg to the left, the snail fre- 
quently swings * too far,’ and the final path is oriented to the left — that is, as if 
It had been started with the right side np If at the start of creeping the head is 
lifted and mo%ed about, the first part of the upward trail is likely to be too steep 
as the anterior end of the foot becomes attached and imtiates creeping at the pomt 
on the inclined glass which is encountered by the head, if allowed to creep far 
enough however the onentation angle falls to that characteristic for the particu 
lar slope After repeated handlings downward onentation is apparent at a » 
IS” or even at a «= 20”, increasing the tilt of the surface however alwa>s results 
in prompt upward onentation When this reversal* to downward creeping is 
apparent the body is much extendedv as m tests under water The reversal is 
perhaps related to that seen m Liguus with too heavy loads (Crozier and Navez, 
1930) Onentation angles were also measured by tilling a plate initiaU> hon 
zontal upon which Helix was creepmg freely this more tedious method gave the 
same s as the other At a given slope 9 is sbghtly higher when the snail creeps 
faster 

Similar tests were made at three slopes with the snail adhenng to the under 
surface of the glass plate (Table I) As with Agriohmcx, 0 is the same, at the 
same slope, as when the snail is on the upper surface (cf Wolf, 1926-27) 

If by means of a thread the shell is held on the upper side of the snail while 
onentation is being started the head does not turn upward and creepmg con 
tinues honzontally Occasionallj tlie shell is held in this position spontaneously 
and horizontal creeping is evidenced even at a «■ 40® if the plate be then rotated 
so as to bnng the other side uppermost, onentation is prompt Such facts speak 
unmistakably for the determination and control of onentation by the pull of the 
shell and visceral mass If this pull be increased by attachment of a bit of lead 
weighing about 1 gm to the front of the shell, 0 at or « 20® is increased from ca 
45® to 64 6® ±1 82 (It is of interest that for this case also P plotted against 
0 shows m Fig 4 that the N^ination of 0 Is a defimte function of tlic intensity of 
cxatation ) 
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These facts are unequivocally consistent with the view that the determination 
of 0 as a function of a is not due to any operation of the statoc^^st Jager (19'?2), 
how ever, states that when Eclix creeps under water (reducing pull of the shell), o is 
approximately 90° at all slopes of surface, as Picron had claimed (1928) for Ltmax 
We have earlier pointed out (Crozier and Navez, 1930, Crozier and Pincus, 1929- 
30) that with Ligmis and Lnnalta 6 is less at given a under water, and that with 
Hchx and Lvmx it is difficult to make really sigmficant tests Particularly if 
the posterior portion of the foot is not adherent, the directly upward pull of the 
floating shell makes it necessary for 0 to be greater if bilateral equalization of 
tensions is to be brought about, the total downward pull is reduced, but simple 
consideration of the geometry of the situation show's that until orientation is 
achieved the ratio of tensions on the tw'o sides is augmented The situation is 
the same in young rats to which a gas-fiUed balloon has been attached at the mid- 
point of the back, and here also 0 is increased When Eclix is under w'ater, more- 
over, the body is much extended, and mechanical irntability seems much in- 
creased Nevertheless, tests in which Ec/tx attached to a horizontal plate are 
lowered into the water and the plate subsequently tilted do show a lowering of 0, 
provided the foot continues to adhere and if creeping continues The test succeeds 
better if the shell be weighted with lead, so that it is not too buoyant (If the 
upward pull of the too buoyant shell is too strong, there may be a “reversal of 
geotropism,” as shown in Ltguits (Crozier and Navez, 1930), w’hich would, how’- 
ever, lead to upward creeping) A well attached Ecln, under water, is easily 
directed by gentle traction upon the shell to one side or the other For these 
reasons we conclude that the argument advanced by Pi6ron and by Jager is 
without real foundation 


m 

]\Iean orientation angles (0), and the indices of dispersion of 0, 
are given in Table I Fig 1 shows that w^ith sufficient exactness 6 is 
a nearl}'- rectilinear function of log sin a, as with Agnohinax (Wolf, 
1926-27) von Buddenbrock (1931) has suggested that the orienta- 
tion obserx'^cd in these expenments is better measured by the angle of 
the animal’s transverse axis in space, t c , hy the angle 5, xvhere 

sm 5 = sin a cos 0 

He states that 5 “varies ver>' little,” Jager (1932) is of this opinion 
also This was held to signify that upon an inclined surface the ani- 
mal "tries to keep its transxerse axis as nearly lex cl as possible,” 
rather than that 5 is controlled by sensorial cquixalcnce of tensions 
In fact, howexer, although 6 is necessarily a fairly small angle, it vanes 
much more than does fl— b\ a factor of 10 when 0 changes by a factor 



W J CROZEER 


663 


o{ 3, in some cases, and since fl increases ■with a it is obnous that S, 
far from tendmg to constancy, must pass through a maximum — as 
indeed it does in each such senes of measurements There is conse 
quently no basis -whatever in the data for the idea that geotropic 
onentation is limited by selection of a minimum of transverse mclina 
tion, and it does not seem to have been noticed that the experiments 
with added loads ate completely inconsistent ■with any such notion 

TAaiE I 

Angle ol orientation as a (unction o( indinaUon ot surface (a) for Behx 
nmoratis negaUvdy geotropic progression Three senes of observations, in /, 
the figures in brackets refer to onentation upon the under surface of a glass plate 
Onentauon angles are each the average of 12 to 22 observations F £ j is corrected 


a 

9 inttti 

i 

t 

1 J 

iettut 




15 

37 1 ± 2 10 

33 S ± 2 77 

1 


132 5 i 2 011 



20 


47 4 ± 2 97 

42 5 db 2 60 

23 

58 3 ± 2 SO 




157 8 ± 3 111 



25 

60 6 ifc 1 94 


48 3 =b 2 73 

30 

54 0 i 3 -41 

SS 4 i \ 67 


35 



58 0 it 2 19 

40 


67 1 it 1 40 


45 



66 6 ± 2 32 

SO ' 

78 2 ± 0 51 



1 

172 0 ± 1 031 



60 1 


79 0 ± 3 44 


70 

79 6 1 32 



80 


87 0 ± 0 26 


90 



85 4 ± 0 81 


The rectilinear relationship between sm B and 1/sin a was denved 
for the orientation of Agnohmax and similar forms in which the ten 
sions supposed to he brought mto equivalence in a sensory way by 
the completion of onentation are exerted upon mutually inclined 
longitudmal elements at the antenor end of the body It is suf 
Cciently obeyed in the measurements wnth Uchx (T ig 2) 

When the force responsible for onentation is small, the precision 
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of onentation must be expected to be less The chance effects of other 
sources of stunulation, with their possibilities for central ner^ous 
inhibition of the gravitationally induced excitation, are then more 
likel}’- to affect 6, and the spontaneously occurring changes in geotropic 
reactmty are likely to have greater effect There should then appear 
a relationship of some sort between a and vanaiwn of 9 For the pn- 



Tig 1 Mean angles of onentation (o) dunng upward geotropic creeping of 
Uchx ncn.orahs (cf Table I), as related to log sin a 


main.' geotropic excitation of Hcitx Hoagland and Crozier (1931-32) 
demonstrated that P E a straight-hne function of P T , where 
RT IS the latent period (reaction tune) For other cases it has been 
shown fCrozicr and Pincus, 1931-32) that cr. declines rectilinear!} as 
sin a increases, the rule holds m the present instance also (Fig 3) 
On the other hand the rclalnc \anation of 0 is expected to be a dc- 
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dining rectilinear function of 0 (Crozier and Pincus, 1926-27, etc), 
Fig 4 shows that tins is found (each of the plotted values is subject to 
zlP E proportional to its own magnitude, so that the scatter is greater 
at low values of 6) 



Fig -1 \QQ P L efO declines regularh as 0 increases, sec lc\l, llic > < rtfcri 
to an experiment nith added eight (p 661) 

SUaCMARI 

The snail Hch\ nemorahs m negatixcly gcotropic creeping orients 
upward upon an inclined surface until the angle of the path of pro- 
gression (O) IS related to the tilt of the surface (a) as (A sin 0) (A sin 
cr) = — const , t? is ^ erj nearly a rectilinear function of log sin a 'I he 
precision of oncntation (P E i) declines in proportion to increasing 
sin a, P E m proportion to 0 1 hese facts arc comprehensible 
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only in terms of the view that the limitation of orientation is controlled 
by the sensorial equivalence of impressed tensions in the antenor 
musculature 
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THE EFFECTS OF RADIATIONS ON BIOLOGICAL 
SYSTEMS 

H Immediate akd Subsequent Effects of XRav Irradiation 
Ufon Respiration of Drosophila Larvae 

Bv RAYMOND HUSSEY ahd WILUAM R THOMPSON 
{From the Department of Pathology, Yale University School of Medicine, New Haven) 

(Accepted for publication, August 1, 1934) 

In gathering data concerning the effect of radiations on biological 
systems we have proceeded in our study from a simple system, enzymes 
in soluhon,* to a more complex system, Drosophila larvae As a 
result of irradiation with x ray radiation the prepupal period of the 
life cycle of the Drosophila is prolonged This effect serves as a 
convement measure of relative effectiveness of radiations ‘ In thehope 
that Drosophila larvae might prove to be a convenient system to study 
more satisfactorily the immediate as well as more remote effects of 
irradiation previously attempted in the rabbit* and dog, we determined 
to observe the influence of x rays on metabolic activity as measured 
by respiratory rates Since no satisfactory method was available for 
such observations, it was necessary to develop one, which end was 
attained by the construction of a respnometer capable of use under all 
conditions of constant humidity The apparatus and the pnnciples 

* Hussey R., and Thompson, W R-, J Gen Physiol , 1922-23, 6, 647 1923- 
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of refractovolumetnc respirometr}% applied especially to the measure- 
ment of CO; and 0; changes, are descnbed elsewhere 

Technique 

Lar\ae for expenmen ts were obtamed m the same manner as in the -work 
recentl3 reported^ except that seedmgs were made upon a preparation called 
Y B A , No 3 instead of 3 east-agar as before, and larvae were transferred in the 
usual manner^ at a median age, a, of 2 5 da3s in random samples of approximate^' 
equal numbers to ordmain,' tapenng dnnkmg glasses, each of which contained 
25 ml of a special food, Y B A , No 2, Y B A , No N (I'east-banana-agar 
No N) bemg a mixture in the proportion 1 gm of over-npe banana pulp, -1-3 gm 
Fleischmann’s 3 east, -1-5 ml of No N agar mixture m the proportion 9 N gm 
agar-agar, -bl gm sodium acetate, + enough water and acetic acid to make the 
\ olume equal 1 hter and the pH = 60 

In the present work aseptic techmque was not mamtained be3'ond this point 

These i essels were convertible mto respirator3' chambers suitable for seahng 
into the respirator5' madune b3 fittmg mto the tops a large rubber stopper with 
inlet and outlet dehver3' tubes, the stopper bemg fitted into the tumbler about 
1 cm below the nm, the space above the stopper partl3' filled with mercury dunng 
obsen aPon m order to prevent leakage at the joints or through the rubber The 
ends of the deliier3 tubes projectmg into the tumbler were provided with a 
flange which was covered wnth a double-la3 ered voile cap m order to prevent the 
escape of lars’ae The method of estimation of CO; respiration was essentially 
that used for Drosophila images m a water-saturated environment ® However, 
no attempt was made to estimate O; changes m these experiments This was 
made necessaix b3' our mterest m observong respirator3' rates in simultaneously 
mamtamed groups of larvae from the same lot but \an0usl3 treated as to irradi- 
ation Respiration m 20 minute inten'als was measured, preceded b3' an intro- 
duction of fresh air (approximate^ water-saturated) and a 10 minute mrxing 
and adjustmg penod m the manner premoush' descnbed ® ® A set of blanks was 
used to introduce a correction for failure to attain complete saturation with water 
m the 10 minutes of prelimmar3 circulation This correction and its standard 
de\ lation pla\ ed a minor role in the estimation of CO; respiration Indeed, the 
crude refracti\ut3 change observ'ations, if plotted in place of the CO; change 
estimates, giie practicalh the same general impression 

EYPERIMENTAL 

Pnor to irradiation respirators observations were made o\er an interval of 
approximateh 1 da3 , the age at the bcginmng of irradiation approximating 3 5 

* Thompson, Y R,/ Gcr R/vrm/ , 1932-33, 16, 5 

"Thompson, R , and Tennant, R , J Gen Physiol , 1932-33, 16, 23 

* Thompson, Y R , and Termant, R., J Gen Plysiol , 1932-33, 16, 27 
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days In irradiations the tumbler, food and brvae were merely covered with 
perforated wrapping paper The source of radiations was a Coohdge water 
cooled X ray tube,^ with target directly above the centroid of three tumblers of 
the type ;ust described, placed upright with runs contiguous It was impressed 
with a potential difference of peak approximately equal to 188 hv with a tube 
current of 30 ma The distance from target center to objective was approximately 
59 cm with no filter except a piece of white writing paper placed across the 
aperture The aperture and all other conditions were the same as m experiments 
recently reported ^ Irradiations were made to start simultaneously in any given 


TlicnomoJes 



experiment, the vanous lots being removed at the end of prescribed periods and 
replaced by dummy tumblers with covers of the same type. The results of two 
experiments where larvae were irradiated for 1, 2, and 3 hours m this manner 
(between 22 to 25 C) and CO respiration rates contrasted with those of a control 
are given m Figs 1 and 2 The larvae chambers were flushed at all tunes except 
dunng transfer or irradiation with a stream of water saturated air at 24 2 C 
which was fresh except when sealed in the rcspirometer 

An eYpenment similar to thc^'c in all respects (including a control) 
except that the \ ray tube was not operated yielded no significant 
differences between anv of the lots of larvae Thus it is indicated 



672 


RADIATIONS ON BIOLOGICAL SYSTEMS II 


that the definite diflferences exhibited in the former experiments were 
the result of irradiation 

Pupation was followed in each instance and the median tune of 
pupation, P, estimated by means of independent inspection estimates 
of three observers The coincidental estimates of the fraction, /, 
of individuals having pupated is given below the respiration curves, 
using the same abscissae Thus P is the time where /= 0 5 for a 
given lot 

riicMmoles 



The charactenstic most obvious in these expenments is the de- 
creased respiratory rates observ'cd immediately after irradiation It 
appears as if the CO 2 respiratory rate of such larvae is a decreasing 
function of the period of irradiation within the limits of the experi- 
ments, but upon discontinuation of irradiation this rate increases 
rapidly for a short time (about 0 1 day), then markedly less rapidly 
(with a point of inflexion), then more rapidh again up to a maximum 
Apparentl> the control attains a maximum sooner and declmes to a 
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minimum about a day or two before the irradiated lots — this latent 
decline bemg correlated, with the observed delay in pupation The 
subsequent nse apparent m the control curves is associated with the 
emergence of imagos — observation being discontinued on account of 
their extensive drownmg in the remnants of the food The charac- 
tenstic decreased rate of respiration after irradiation was observed 
when larvae were irradiated under essentially the same condibons of 
maintenance as in former work,* that is, in sealed wells m steann 
paraffin with perforated tops Under such conditions, however, it was 
extremely difficult to measure respiration soon after or before irradia 
tion and considerable manipulation of the larvae at the time seems 
objectionable and might even confuse the issues involved, hence the 
resort to the procedure desenbed above Results similar in some 
respects but markedly different in others have been obtained m smiilar 
manner using ultraviolet light instead of x rays, which will be reported 
in another commumcation 


COMMENT 

It should be emphasized that in these observations our interest m 
followmg changes in functional state at short intervals and in simul 
taneously maintained lots was of prime importance From this point 
of view observations of respiration were made without a prolonged 
interval in which to allow adjustment of the larvae to their altered 
environmenL In this manner shghtly higher respiratory rates per 
tamed than otherwise, but these were consistent provided at least a 
half hour interval were allowed to elapse between any two observa 
tions on the same lot Therefore, we should not strictly interpret 
the curves obtained as indicative of actual respiration during the inter 
vals between observations, but we assume that they indicate this 
relatively 

It IS of interest, however, to consider relationships between the ap 
parent total COj respiration of the different lots over the interval from 
the age of 2 S days to the end of the larval stage If the result of the 
action of the radiations upon the larvae were merelv to uniformly 
alter the rates of all processes, then it would follow that the total COi 
respired would be the same in anv interval between corresponding 
structural states of the larvae, which obviously is not the case 
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SUMMARY 

By means of measurement of CO2 respiratory rates it has been pos- 
sible to observe -immcdtaic and latent effects of x-ray irradiations upon 
Drosophila larvae The observations were extended over a period of 
several days, the duration of the prepupal penod bemg observed also 
In every instance a significant decrease in the rate of CO2 respiration 
was observed immediately after irradiation This decrease was uni- 
vanant with the penod of irradiation within the expenmental limits 



PROTECTIVE ACTION IN IRRADIATION OF AMYLASE 
SOLUTIONS WITH ULTRAVIOLET LIGHT 
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In another communication' the monomolecular character ol the 
mactivation of amylase (pancreatin solution) with ultraviolet light 
has been demonstrated, t e , 


( 1 ) 


it 


~h Q or 


dlogQ 

it 


where Q is the active enzyme concentration I is tune m imnutes, 
and ft IS a constant for given irradiation conditions It was found,' 
however, that the addition of small amounts of dog senun to pancre 
atm solutions gave marked protection (a speed coefficient, k, of about 
1/2 the value for simple pancreatin solutions being obtained by ad 
dition of 0 2 per cent of serum) The nature of this protection, 
whether the result of chemical combination with enzyme in a more 
stable form or of simple screening of the part of the solution more 
remote from the source of radiations is of particular interest Cer 
tain relations of chemical combination with the enzyme, trypsin, 
have been studied by Hussey and Northrop,' but whether similar 
results can be obtamed in the case of amylase has not been established 
In further investigation we have obtained evidence of a protective 


'Thompson, W R. and Hussey R. J Gen Physiol , 1931-32 15,9 
Thompson, W R., Johnson C E , and Hussev R / Gen Physiol 1931- 
32 16, 1 

*\Vies, C H and McGarvey S M / Gen Physiol 1932-33 16, 221 
'Thompson tV R. McGarvey, S M,andtVic3, C H,7 Gen Physiol, 
1932-33, 16, 229 

' Thompson, \V R , and Tennant R-, Proc Soe Exp Biol and Med 1932, 
29, 510 

' Hussey R and Northrop J H , / Gen Physiol 1922-23 6, 335 
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effect in pancreatm solutions themselves, which is similar to that re- 
sulting from addition of serum A simple competitive absorption 
theory seems to account satisfactorily for this effect, at least as a first 
approximation 

The method of irradiation was essentially the same as employed in 
former work^ ® except that a different lamp was used As before, * 
solutions were stirred during irradiations in a cylmdncal quartz tube 
at 10°C Radiations entering the tube were first filtered through 5 
mm of water at 10°C as has been described previously '■ The source 
was a mercur}^ arc in quartz, 200 mm below a quartz window in the 
bottom of the bath Except in two instances the potential difference 
across the lamp was maintained at 75 volts, and the current was ap- 
proximately 4 amperes In this way several (5) irradiations with a 
0 02 per cent pancreatm solution as used in the former work,’ ® except 
that a standard content^ of 3/10 of the amounts of phosphate buffers 
required for pH = 67 was adopted, gave a mean speed coefficient, 
A = 0 259 with a d = 0 004 In contrast to this an irradiation under 
the same conditions except that the p d was 70 volts gave k = 0 172 
and one at 80 volts gave ^ = 0 302 The amount of solution irradiated 
in these instances was 5 00 ml as in all former work The proposed 
method of investigation was to obser\'e the corresponding values of 
k obtained in irradiation of 10 ml quantities where a screening pro- 
tective action would be made evident by a decreased mean speed 
coefficient Three such observations gave a mean k = 0 196 with 
ad = 0 008 

The screening protection here is obvious, but in order to obtain even 
stronger e\ndencc of such protection vc contrasted similarly results 
in vhich 5 and 10 ml of a solution of 0 07 per cent pancreatm vere 
irradiated, obtaining, respcctuely, A = 0 156 (ad = 0 002) and k 
— 0 0907 (a d = 0 0007) for two instances of each 

In order to ascertain whether the reduced speeds of reaction cvi- 

" Ml ara%lase solutions •nere made to contain and diluted with sohent con- 
taining 30 ml per 100 of m/15 standard phosphate buffer mixture for pll = 

6 7, as V as the case alrcad\ adopted for the substrate Subsequent to this v orl 
an improved vnscosimetnc method was developed Thompson, \V R , Tennant, 
R , and Wies, C H , / Biol Char , 1935, 108, 85, Thompson, W R , / Bio! 
C/err , 1935, 109, 201 
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dent in the second S ml layer is due to a screening by the first 5 ml 
or to a divergence of the rays, two irradiations were performed in which 
S ml of the 0 02 per cent pancreatin plus S ml of the solvent’ were 
irradiated together Thus all of the concentrations were approTi- 
mately halved except those of the phosphate buffers, H+ and OH“ 
The mean k so obtained was 0 2S7 (a d = 0 018) , and a smidar result 
with the 0 07 per cent pancreatin gave A = 0 147 These approxi 
mate the values obtained with 5 ml of the undiluted solutions which 
have been given (0 259 and 0 156, respectively) 

That there is a definite protective effect due to screening is obvious 
Moreover, we may outlme a simple theory of homogeneous absorption 
which gives close approximation with the observed results 
Accordmgly, we assume that (1) holds in any volume element 
wherein the effective radiation intensity is constant, that the rays are 
parallel, and, therefore, that a coaxial disk volume element of the 
cylmder of thickness, ds, approaches the condition of equal radiahon 
intensity throughout its volume as a limit as ds approaches zero 
Furthermore, we assume that stirring is sufficient to maintain the 
concentration of active enzyme, Q, the same throughout the entire 
liquid mass at any instant of time If k is the mean speed coefficient 
in the mfinitesimal layer of thickness, ds, the bottom of which is at a 
distance, s, above that of the whole cylindncal liquid system whose 
total altitude is and mean speed coefficient is A., then, obviously. 



So far nothing definite has been assumed about the function, k , 
but we shall assume that k is proportional to effective radiation m- 
tensity and that this vanes in accord with a law of equal fractional 
absorption in traversing a given thickness of solution, » e 

(3) i - 

where X is the absorption coefficient for the solution In actual 
observations where non homogeneous radiation is involved a high 
relative absorption rate is generally found in the early layers, but (3) 
may approximately represent the facts, and the representation may be 
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dose for large values of even if not throughout the whole range In 
our ideal system we assume (3) to hold throughout Then (2) and 
(3) give 


(4) 


Ka = 


i: 


ka c ds ko(l — e~^*a) 


X Sa 


Now’^j as in the case of 5 and 10 ml irradiations, 
(5) if Si = 2s\, then 


2Ki 1 - 


whence, in this case. 


( 6 ) 


X^i = log. 


^1 


2Ri — Ki 


Now', let a prune refer to the 0 02 per cent and a double prime refer 
to the 0 07 per cent pancreatin solutions, and assume that X" = J 5 X' 
Then we may estimate s{K' from the data on the 0 02 per cent solution 
by (6) and by substitution m (4) From these values we may cal- 
culate the corresponding values of Ki and kI which are given m the 
third column of Table I Siimlarly, w'C may estimate j'lX' and ko 
from the obseiw'ed values for Solution 2 (0 07 per cent pancreatin) 
and calculate A’l and as given m the fourth column The observed 
values are entered in Column 1 The two sets of calculated values 
are obtained by regarding the data from one or the other of the 
tw o solutions (0 02 or 0 07 per cent) as perfect A better result might be 
expected if we use instead a weighted mean of the two estimates of 
Si\' and the mean value of ko obtained by substitution of this in (4) 
Thus we may gl^e 3 5 times as much weight to the estimate of si\' 
from the data from the second solution as that from the first (roughly 
according to relative precision) and so obtain the values given in 
Column 2 These agree best with the observed values, and those by 
the extrapolation method in Column 3 worst as might be expected, 
but all indicate tliat the theory outlined above may serve at least as 
a first approximation 

We liav e made a further study of the protcctiv e action of dog serum 
using two additional doga In the former v ork it uas merely demon- 
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strated that a protective action existed, but in this work we hoped to 
show something of the mode of action as in the case of the pancreatin 
solutions alone Accordingly, 5 and 10 ml portions of solutions of 
pancreatin (0 02 per cent) contammg 0 2 per cent of serum were 
irradiated with results given m Table II, and from these the respec- 


TABIE I 


Effects of Compettliie Absorption upon the Speed Coefficient in Inactivation of 
Amylase with Ultraviolet Light 



Observetl 

Calcutta) (auumlos X ~ j 5X ] 

1 By wd^bted meat) 

Ftom Solabbn 1 

From Solatloo 2 

feo 


0 343 

0 355 

0 331 

Ki' 

0 269 

0 263 

0 259 

0 264 

Ki 

0 196 

0 203 

0 196 

0 211 

Ki’ 

0 166 

0 152 

0 138 

0 166 

El’ 

0 0907 

0 087 

0 076 

0 0907 

Xl. 


0 553 

0 667 

0 520 


TABLE II 


A Protective Action of Dog Serum (2 Parts per 1000) in Ultraviokt Irradiation of 
Pancreatin Solutions 


No 

Dog No. 

FattcmtlD 


0 ! 
& 

k 

\ 

18 

2 

ftf «nt 

0 02 

1 

10 07 

i 

0 627 ! 

0 0780 

ftJ 

5 

19 

2 

0 02 

10 33 

0 645 

0 0489 

10 

20 1 

3 

0 02 

9 61 

0 452 1 

0 132 

1 

1 5 

21 ' 


0 02 

9 98 

0 462 1 

0 0773 

1 

22 1 


0 02 

9 42 

0 278 1 

0 0711 

10 

23 ' 

wBm 

0 02 

10 12 

0 30S 1 

0 119 

5 


tive values for Xji were 1 37 and 1 70 and for ko were 0 107 and 0 261 
That some of the protection is due to screening is obvious in the table, 
but if the theory applied to the pancreatin solutions abo\e held here 
also, then w e should expect the same value for i o, w hich is not the case 
However, this does not mean that we must account for some of the 
protection upon some other basis than screening, but mdicates at 
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least that if screening alone is responsible then the screening or Jil- 
fering properties of the system are not uniform but greater in the louer 
layers If aU substances -were in solution this is almost inconceivable 
Hovrever, it was due to the accumulation of a sediment m these solu- 
tions that experiments with an}' gi% en preparation could not be pro- 
longed, particularly in the case of Dog 2, and it is here that the lowest 
value of /lo ■n'as encountered Furthennore, a slight dnft toward in- 
creasing protection with time is apparent in the case of Dog 3 Ac- 
cordmgly, it is reasonable to assume that we had somewhat greater 
screening protection m the lower layers, possibly sufficient to account 
for the low obseiwed The protective action of the serum of these 
two dogs was roughly the same as in the instance previously reported 

It is ob\nous in (4) that 2Kz — A'l is the mean speed coefficient for 
the second layer (upper half of the irradiated system), and that if we 
could measure this directly we should obtam more reliable results 
Thus a system such that the two layers could not mix would be more 
advantageous, or we nught use our 5 ml system in the quarta tube as 
an instrument for measunng the effective intensity of radiations not 
absorbed by an interposed lay er of solution of known thickness The 
supenonty of such a method over others such as the employment of 
a thermopile is obvnous as is also the futility of dependence upon ab- 
sorption spectra as a means of detecting the kind of radiations re- 
sponsible for a given chemical reaction unless that reaction alone 
utilizes energ}' from this source 

CON’CLUSION' 

Evndence has been presented which indicates that the protective 
action of dogs’ sera in irradiation of pancreatin solutions wath ultra- 
violet light is the result of a competitive absorption (screening action) 
A similar effect is found in simple pancreatin solutions for which ve 
mav account (at least to a first approximation) on the basis of assumed 
homogeneous absorption bv a strong competitor in the solution for the 
radiations having inactivating power These observations are of 
interest in connect’on v ith the theorv of " hat has been called ncga/i c 
ca'a^^s^'s^ ■’espcciallv in vne>’ of the marled effects of small quantities 
of the protecting substances 

-Ta^]o', H S,J PJ s Ch'r 192>, 27, 322 

’Crnst-orsen J ^ , J P/.: Cfr-, 1924,28, 145 



RESTORATION OF THE POTASSIUM TFFECT BY MEANS OF 
ACTION CURRENTS 

Bv \V J V OSTERHOUT and S E HILL 
{From the Laboratories oj The Rockefeller Institute for Medical Research) 
(Accepted for pubhcation, August 1, 1934) 

By the potassium effect we mean the p d observed in leading off 
from a region of Ntlella in contact with 0 01 M RCl to one in contact 
with 0 01 u NaCl This may amount to 80 mv or more (potassium 
being negative in the external circuit) 

This disappears when the cells are exposed to distilled water ' This 
has been explained by saying that distilled water removes from the 
protoplasmic surface a substance,’ R, which is produced in the cell 
and which moves into the surface It is dissolved out of the surface 
by distilled water and in consequence the surface ceases to distinguish 
between sodium and potassium so that the potassium effect is lost 
We have performed experiments which indicate that R mov es into 
the surface during the flow of the action current The nature of the 
experiments’ may be illustrated by a typical example Single cells 
w ere prepared by cutting away the neighboring cells and v, ere kept 
for several days in a nutrient solution (Solution A*) and then trans 
ferred to distilled water A cell which had been kept for 2 daj s in 
distilled water was arranged as in Tig 1 (F was killed by chloroform 
before the start of the record to give monophasic recording) The 

■Osterhout \V J V and Hill, S E,J Gen Fhysiol 1933-34 17,87,99 105 
’ Tor convenience we speak of a single substance although it is highly probable 
that more than one substance is involved 

’ Unless otherwise stated the technique is that of previous papers Cf 
Osterhout W J V and Harris, E S 7 Gen Physiol 1927-28, 11, 391 Ostcr 
hout W J V, and Hill S E J Gen F/iyjiol , 1929-30 13,547 1930-31, 14, 
385 473 1933-34 17, 87, Blinks L R , 7 Gen Plmwl 1929-30 13, 361 The 
expenments were performed on Nitella Jlexilis Ag at a temperature of about 
22 C 

’ For the composition of this soluuon sec Osterhout, \\ J V and Ibll S 
E 7 Gen Physiol , 1933-34 17, 87 


681 



682 


RESTORATION OF POTASSIUM EFFECT 


record of C (upper curv^e) and D (lower curve) is shown in Fig 2 
(E was not recorded) At the start all contacts were 0 01 m NaCl 

means of a Qovnng contact® 0 01 m KCl was substituted for 
0 01 m NaCl at D at the point marked 1 on the record This produced 
no effect An electrical stimulus (500 mv n c , giving an outgoing 
current at B) was then applied (at the point marked 2) and produced 
an action current at C followed by one at £) Since D recovered it is 
evident that the potassium effect had not been restored by the action 
current in other words it behaved as though it were in contact with 
NaCl Two subsequent stimulations (at 3 and 4) had no effect 
The nevt stimulation (at 5) produced very interesting results 
There was an action current with recovery at C (which was in contact 


Single cell of NiteJla Dead 


SingJe ceJ] ol NiteJla 


D 


1-2 cmH— 2cm.-!~2cm“l— 2cm-l-~2cmH 


Fig 1 Arrangement for testing cells GGC represent string galvanome- 

ters with vacuum tube amplifiers, arranged essentially as short period electro- 
static ^oltmetc^s For details see Osterhout, W J V , and Hill, S E , / Gen 
Physio ! , 1933-34, 17, 87 Absorbent cotton, moistened with the contact solution, 
connected A, B, and F to saturated calomel electrodes, contacts C and D vere 
dotting contacts (c/ Osterhout, W J V, and Harris, E S, / Gen Physiol, 
1927-28, 11, 391) Bcltteen contacts the cell was surrounded by moist air 


vnth 0 01 M Nad) but at D, which was in contact with 0 01 M KCl, 
there was no recover}'’ We interpret this to mean that sufficient R 
was carried into the surface by the action current (helped, perhaps, by 
the preceding action current) to restore the potassium effect When 
this is present 0 01 3r Kd usually reduces the p d to a low value, as is 
e\ndent here where the p D falls 100 mv 

Since C had also been subjected to action currents it was of interest 
to see w hethcr it had also acquired the potassium effect On applying 
0 01 M Kd to C, at the point marked 6, no potassium effect was se- 
cured but when stimulated fat 7) a potassium effect appeared 

® Osterhout, ^\ J \ , and Hams, E S,J Gen Physiol , 1027-28, 11, 391 
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It IS evident thit as the result of the action currents at C and D 
the potassium effect was restored at both places This effect can 
persist for some time as is evident from the record When 0 01 sc 
NaCl was applied to C and D (at 8) the p n returned to about the 
same point as at the start (about 89 mv positive for C and 100 m\ 
for D) Then 0 01 it KCl applied at D (9) and at C (10) produced a 
potassium effect,' the application of 0 01 it NaCl restored the positive 
p D at both places, showing that they were not injured 

In other evpenments it was found that after one or more action 
currents at a spot in contact with 0 01 M NaCl the potassium effect 
had been restored This was shown bj substituting 0 01 vi RCl for 
0 01 u NaCl this produced a potassium effect at once (t c it was 
not necessary to stimulate again clectncallj after the application 
of 0 01 M KCl) 

Such experiments have been performed in a vantty of wavs but 
always with the same general result If the cells hav e been too long 
in distilled water they lose their irntabilit> as well as the potassium 
effect and cannot be used for such experiments Similar results have 
been obtained wath cells leached in 0 0001 it HCl and 0 001 it NaOH ' 
It frequently happens that the first action current restores the po 
tassium effect This finds a parallel in the experiments of Blinhs* 
on Chara which he explains as the result of changes in pH Such 
changes maj , of course, play a role in Vticlla’ but to u hat extent must 
be left to future investigation to decide 

DISCUSSION 

During the outward flow of the action current cations move from 
the sap and protoplasm into the outer protoplasmic surface and the 
fact that R docs likcwase might be thought to indicate that it is an 
organic cation This idea suggested a trial of NHi NIK"', and 

® The response is dela\ ed somewhat as often happens w ith the potassium effect 
Obterhout W J \ and Hill S E / Gcit T/njinf f9t3-t4 17 , 99 
'Blinks L R Proc Soc Cxp Btol and Med 1912-33 30, iSG 
'Tor example if R bears a posiUv e elcctnc charge and so moves outward dunng 
the action current a change in pH ma\ affect the numbei of such cations espe 
ciatfy if it IS an ampholj tc 
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tetraethyl ammonium ion, all of which proved capable of restonng 
the potassium effect 

It must be remembered, however, that the action current is probably 
accompanied by a breakdown of the mner protoplasmic surface" 
which might permit the outward passage of R even though it bore no 
elcctncal charge This question must be left to future investigation 
The experiments are of considerable interest as indicating that ac- 
tion currents may have after effects which can be detected only by 
special means, eg in the presence of potassium but not in the presence 
of sodium For if m the experiments described above only sodium had 
been present the changes would not have been perceived 
This suggests that the after effects of action currents may be impor- 
tant m other cases, e g in "wanmng up” m athletic contests or in 


Fig 2 Photographic record (of a cell arranged as m Fig 1 with E omitted) 
showing the P D at C (upper curve) and D (lower curve) The record starts 
with 0 01 11 NaG at C and D (before the start of the record T was treated with 
chloroform, reducing its pj) to a low and approdmately constant value) 

At the pomt marked 1 on the record, 001 u KCl was substituted for 001 u 
NaCI at D This produced no change (t e no potassium effect) at 2, elcctnc 
stimulation at B produced action currents at C and D, C recovered (because 
it vras in contact with 0 01 m NaCl), and J? also showed recovery, although m 
contact with 0 01 u KG, because the potassium effect was not restored by the 
action current Stimulation at 3 and 4 had no effect but at 5 it produced an action 
current at C and D C recovered because it was in contact with 0 01 u NaCl, but 
there was no recovery at D (which was in contact with 0 01 ii KG) because the 
potassium effect was restored and in consequence the pd became 102 mv more 
negative (The action current goes above zero on accoimt of some positivity 
atr) 

The application of 0 01 m KG to C (at 6) had no effect but elcctncal stimulation 
at 7 produced an action current which restored the potassium effect at C (making 
thePD 100 m\ more negative) At 8, apphcalion of 0 01 M NaG restored the 
positive p D at C and D and application of 0 01 u KCl at V (9) and at C (10) pro- 
duced a potassium effect Then 0 01 m NaCl was applied (11) at both places, 
restonng the positive P n and showing that no injurj had occurred 
The vertical Imes are 5 seconds apart Temperature about 22*C 


w These results will be described m subsequent papers Cf Osterhout, W 
J V andHill,S E,Proc Soc Exp Biol and , 1934-35,32, 715 
" Osterhout, W J V , / Gen Phynol 1934-35, 18, 215 
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memonzing lists of words, where there is a gradual improvement in 
the efficiency of the performance 

When the potassium effect has not been restored we should evpect 
an action curve vuth a single peak This is actually observed 

SUMMARY 

Treatment with distilled water removes from NitcUa the ability to 
give the large potential difference between 0 01 m KCI and 0 01 m 
NaCl which is known as the potassium effect The potassium effect 
may be restored by action currents This might be explained by say- 
ing that distilled water removes from the surface a substance, R, 
which IS responsible for the potassium effect and which moves into 
the surface during the action current and thereby restores the potas- 
sium effect 



MECHANICAL RESTORATION OF IRRITABILITY AND OF 
THE POTASSIUM EFFECT 

Bv S E HILL AND W J V OSTFRHOtJT 
{From the Laboraiorres oj The Rockefelter Institute for iledtcal Research) 
(Accepted for publication, August 1, 1934) 

Nttella exposed to distilled water loses its ability to propagate 
negative variations and to give the normal potassium effect' (» e the 
action of K.C1 m makmg the p d mote negative) Apparently this 
IS because the distilled water dissolves out of the protoplasm some 
thmg which may for convemence be called R 

Under normal conditions this substance presumably moves into the 
protoplasm from the sap fast enough to offset the dissolving action of 
the external solution But in distilled water the dissolvmg action is 
suffiaently accelerated to produce a defiacncy of R 

It occurred to us that if we could force sap into the protoplasm me- 
chamcally, by a pmch, we might succeed m restoring R sufficiently 
to bnng back the normal behavior We have therefore made ex 
periments of this sort 

In some cases the result is very dramatic Cdk which are unable to 
give any response to electrical stimulation may after a single pinch 
respond normally This result cannot always be depended on for if 
the pmch is too gentle several may be required to produce the desired 
effect and if it is too vigorous injury may occur The results, how ever, 
seem to show clearly that the normal behavior may be restored by 
forang sap into the protoplasm 

The procedure may be illustrated by citing some typical expen 
ments These were performed on Ntlella flextlts Ag at a tempera 
ture of 20-22'’C 

'Obterhout W ] V,andHiU,S R. I Gen Physiol 1933-34 17,87,99 105 

* Unless otherwise slated the technique is that described in prewous papers 
{cf Oslerhout W J V , and Hams E S J Grii Physiol 1927-28 11, 391 
Osterhout W ] V and Hdl S E 7 Gen Physiol , 1929-30 13, 547 1930-31 
14, 385, 473 1933-j4, 17, 87 Blinks L R. / Gen Physiol , 1929-30 13, 361) 
637 
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Cells which had been freed from neighbonng cells were left for sev- 
eral days m a nutrient solution (Solution A^) and then kept in distilled 
water until they lost their irntabihty and potassium effect (2 da}s or 
more) 

An experiment with such a cell (arranged as in Fig 1) is shown in 
Fig 2 An electrical stimulus produced no effect since the irritability 
had been lost, but a pmch produced a mechanical negative variation 
As shown in previous papers, this is due to a compression wave pro- 



H- 2 cn]-*-K2 cniH— 2 cni*h-2 cmH-^2 cmH 

Fig 1 Arrangement for testing Nttella cejk GGG represent string galvan- 
ometers (3 stnngs inserted in a single magnetic field of a Type A Cambridge 
stnng galvanometer) vith \acuum tube amplifiers, arranged as short penod 
\oltmeters Silver-sdver chlonde electrodes dip in each cup The Nilclla cell 
passes through all of the cups (cf Osterhout, tV J V , and IIiU, S L , 7 Gen 
Physiol , 1933-34, 17, 87) Cup D had an overUon pipe enabling us to change 
the solution without interrupting the record by pouring the new solution into 
the cup 

duced b)’- the pinch The compression wave travels along the cell, 
temporarily abolishing the outwardly directed pd at each point it 

* For the composition of this solution see Osterhout, W J V , and Ilill, S F , 
J Gcr PJnstoJ , 1933-34, 17, 87 

* The pinch sets up a compression ware which travels rapidb along the turgid 
cell the sap of w hich has an osmotic pressure about 4 atmospheres greater than tint 
of the surrounding solution Cf Osterhout, W J \ , and Harris, F S , / Oen 
PI sip! , 1928-29, 12, 167, 355, Osterhout, W J \ , and Hill, S F , / Get 
PI sic’ , 1930-51, 14, 5S5, 473 
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touches It probably does this by rupturing the protoplasmic sur- 
faces, the rupture being immediately repaired 

The pinch restored the irritability presumably b} forcing sap into 
the protoplasm The restoration of irritability is clearly shonn b^ 
the fact that after the pinch electrical stimulation produced a re- 
sponse in every case 

Can the potassium effect also be restored in the same way^ 'Jo 
test this an experiment was made as shown in Fig 3 The substitu- 
tion of KCI for NaCI at D had no effect because the cell had lost its 
potassium effect but when the cell was pinched so as to produce a 
mechanical negative variation at D there was no recovery because the 
pinch restored the potassium effect and in consequence KCI reduced 
the P n to a low value I'here was no injury as shown by the fact 
that when NaCl was applied the p d returned to the normal value 

"I he effect of the pinch in restoring the potassium effect docs not 
disappear at once for subsequent applications of KCI gave typical 
potassium effects 

A different t3'pe of experiment is shown in Fig 4 Here the cell v as 
pinched with NaCl in contact with D m consequence there vas a 
mechanical negative variation vith recoverj'^ at D A minute later 
KCI was applied at D and produced a potassium effect, but there i\as 
no injury as shown by the application of NaCl which restored tlu 
normal pd Subsequent applications of KCI showed that the effect 
persisted 

DISCUSSION 

It would seem that when sap is forced into the protoplasm by the 
pinch, ^ it carries something which is responsible for the potassium 
effect and for normal irritabilit} \lthough for convenience we sjnak 
of this as R It is probable that it contains more than one substanic 
since we find, in some cases at least, that when cells are leached with 
(iDtilkd water the potassium effect disappear-^, before tlu irrifabihte 
i-« lost ■’ 1 his m in harmoin with the fact that in ( luirn cnrnnala /i/ ' 
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action currents regularly occur although the potassium effect is nor- 
mally lacking 

A smgle pinch may produce only a partial restoration of the potas 
Slum effect In such cases additional pmches may produce more 
effect but it is possible to overdo the matter and injure the cell (con 
siderable vanation exists in this respect) 

Let us now consider the r61e of the two protoplasmic surfaces 
When we substitute K.C1 for NaCl the change m P D (if it occurs at all) 
usually takes place withm a few seconds which is presumably too short 
a time for potassium to penetrate through the protoplasm to the inner 
surface We therefore suppose that only the outer surface is involved 
which presumably is not normally m contact with much potassium 
(either m the external solution or in the protoplasm) 

The situation is quite different with the inner surface which is in 
contact with sap containing about 0 05 M KCl (and 0 05 Ji NaCl) 
Since there is presumably not much potassium in the protoplasm there 
IS a marked potassium gradient across the inner protoplasmic surface 
and we suppose this to be responsible for the outwardly directed r d 
which IS characteristic. 

The treatment wath distilled water which removes the potassium 
effect from the outer surface does not appear to affect the mner surface 
m the same way for its outwardly directed pjd seems not to be les- 
sened But the mner layer may be affected m such fashion as to 
prevent the increase of penneabihty which is necessary for the action 
current ‘ This would explain why a spot' treated with distilled w ater 
can act as a block while retainmg its outwardly directed potential 
(100 to 300 mv ) 

Wc therefore suppose that the pinch affects both the inner and outer 
protoplasmic surfaces Whether this effect depends wholly on the 
outward movement of R must be left to future mvestigation In the 
case of the mner protoplasmic surface (which is in contact with the sap) 
the effect of the mo\ ement of i? would seem to depend on forang R 
into the aqueous layer of protoplasm* which hes between the two non- 

’Osterhout.W J V.andHiU, S B,J Ctn Ph^nul 1933-34 17, 67 

* Even if it IS produced in this layer it is prcsumablj icached out by the action 
of the distilled water 
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aqueous protoplasmic surfaces, and so getting R on both sides of the 
inner surface layer Presumably this layer is temporarily ruptured 
by the pinch'‘ thus allowing R and K+ to pass through after uhich 
the rupture is repaired The outer layer may also be ruptured but 
this IS less likely to happen because it is protected by being adherent 
to the solid cellulose wall 


SUMMARY 

Treatment of Nitclla with distilled water apparently removes from 
the cell something which is responsible for the normal irritability and 
the potassium effect, (t c the large p d between a spot in contact nith 
0 01 m KCl and one in contact with 0 01 m NaCl) Presumably this 
substance (called R) is partially removed from the protoplasm by the 
distilled water WTien this has happened a pinch which forces sap 
out into the protoplasm can restore its normal behavior 
The treatment with distilled water which removes the potassium 
effect from the outer protoplasmic surface does not seem to affect the 
inner protoplasmic surface in the same way since the latter retains the 
outwardly directed potential which is apparently due to the potas- 
sium in the sap But the inner surface appears to be affected in such 
fashion as to prevent the increase in its permeability which is necessary 
for the production of an action current The pinch restores its normal 
beha\nor, presumably by forcing R from the sap into the protoplasm 



STUDIES ON THE ELIMINATION OF DYES IN THE GASTRIC 
AND PANCREATIC SECRETIONS, AND INFERENCES 
THEREFROM CONCERNING THE MECHANISMS 
OF SECRETION OF ACID AND BASE 

Bv RAYMOND C INGRAHAM and MAURICE B VISSCHER 
{From the Department oj Physiology^ College oj lledicine^ University of 
Illinois^ Chicago) 

(Accepted for pubhcatioD, August 1, 1934) 

INTRODUCTION 

The mechanism by which secretmg structures are able to concen- 
trate certain constituents and dilute others presents interesting prob- 
lems, particularly in such secretions as gastnc juice, m ivhich the con 
centration of one constituent, namely, the hydrogen ion, is a milUon 
tunes as great as in the fluid from which it came The converse prob 
lem, dealmg with the concentration mechanism of an alkaline secie 
tion, IS met with m the formation of the pancreatic juice Numerous 
pertinent observations on the condibons and characteristics of these 
secretions have been made, some of which will be referred to m the 
course of the discussion of the results obtained m this mvcstigation 
Comprehensive reviews of the major problems discussed in this paper 
may be found m the monographs by Gellhom (1929) and Babkin 
(1928), and in a shorter review by Carlson (1923) A thorough review 
of previous contributions to the problem will therefore be ormtted and 
the reasoning underlying the present method of attack stated briefly 
Inasmuch as the stomach and pancreas appear to present two 
mechanisms of essentially opposite character, one structure servmg 
to elaborate a highly acid secretion, the other a highly alkahne one, it 
seemed that a simultaneous study of the effects of vanous agents and 
conditions upon the activities of the two types of glands should yield 
valuable information concerning the mechanism of actimty of each 
In line with this thought, it would seem that a careful classification of 
those substances which appear in gastnc and pancreatic juice respec 
695 
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lively vhen they are present m the circulating blood of the animal, 
might yield important clues as to the charactcnstics of the structures 
in the glands themselves responsible for secretion E\penmcnts 
designed to yield this information have, therefore, been carried out 
The present report deals ivnth the physicochemical characteristics of 
the dyestuffs ivhich are eliminated by the stomach or pancreas, or both, 
after intravenous injection, and deductions from these observations 
concerning the mechanism of acid and alkali secretion 

Numerous investigators have previously noted that certain dyes 
introduced into the blood appear in one or another glandular secre- 
tion Valuable comprehensive studies on a large list of dyes have 
been made by Kobayashi (1926), Dawson and Ivy (1925), and Cran- 
dall, Oldberg, and Ivy (1929) The first mentioned investigator 
confined his attentions to the appearance of dyes in the gastnc juice, 
and found that among the dyes be studied all of those appeanng in 
gastric juice were basic dyes, according to the usual classification 
He shoved, furthermore, that the concentration of the dyes in the 
juice roughly followed the changes m hydrochloric acid concentration 
He inferred from his obsen^ations that the dye elimination and the 
hydrochlonc acid secretion v ere intimately related Dawson and Ivy, 
hovever, found, besides numerous basic dyes, one ordinarily classified 
acid dye appeanng in gastnc juice After their exhaustive studies, 
they came to the conclusion that no known physical or chemical char- 
actcnstic distinguished those dyes which did, from those that did not, 
appear in gastnc juice after administration In a similar way, with 
regard to the pancreas, Crandall, Oldberg, and Ivy found both acid 
and basic d} cs as classified by the ordinary technical dye application 
test appeanng in pancreatic juice These investigators arrived at 
a similar conclusion, therefore, regarding the pancreas, since they 
were able to find no other physical or chemical characteristic which 
differentiates d\es which did, from those which did not, appear in 
Its secretion 

In ^^cw of the fact that many dyestuffs contain acid and basic 
radicals in such proportion that they might casil> be expected to bc- 
haxe as amphoteric cicctrohtes at the h>drogen ion concentration 
of blood plasma, it seemed that a reinxestigation of the dyestuffs 
secreted with this in xiew, should be undertal en Similarh, since 
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many dyes are reversibly reduced in the body, and since the electron 
shifts involved m reduction or oxidation might alter the net charge 
or the dissociation characteristics of the dyes so that the chromogen 
might appear in the cation in the oxidized condition and m the anion 
when reduced, or wee terra, this characteristic of dyestuffs should 
also be taken mto account in studies of their secretion 
From the results that have been obtamed it has been possible to 
sharply define dyes appearing in the gastric juice in one distinct elec 
trochemical category and those appearing in the pancreatic juice in 
another 


Methods 

Dogs anesthetized with SO mg chlondose and 250 mg urethane per kilo 
injected mtravenously after initial ethenzation, have been used m this stud> 
It might be noted, m passing, that the barbitunc aad denvatives, particularly 
amytal, have been found seriously to interfere with secretion m these studies, 
and their use was discontinued because of the high percentage of animals which 
failed to show adequate secretion with these anesthetics The fundus was can 
nulated by tying a large glass tube mto the pylonc canal The esophagus was 
ligated to prevent contamination by sahva The fundus was carefully washed 
with Ringer’s solution and the secretion collected at intervals The accessory 
pancreatic duct was cannulated and the pancreatic secretion collected continu 
ously through a small bore rubber tube attached to the short glass cannula in the 
duct Intravenous injections were made from a burette via a cannula in the 
femoral vein Secrctm of proven potencj prepared by the method of Weaver, 
Luckhardt and Koch (1926) was mjected intravenously to activate the pancreas 
and histarome hydrochlonde was given subcutaneously, approximately 0 2 rag 
per kilo to bring about gastnc secretion The dyestuffs' under investigation 
were injected intravenously in doses of 20 mg per kilo dissolved in 100 cc of 
Ringers fluid at body temperature Ordinarily only one dye was tested on 
each preparation although in cases where no secretion of d> e occurred a second 
dye has been introduced in the same preparabon m order to obtain confirmatory 
information about particular dyestufis without extending the senes of animals 
required more than was necessary 

The electrochemical characteristics of the d>cs used have been studied by 
detcrmimng the direction in which the chromogen bcanng ion migrates in the 
clectnc field 


* The majonty of the d> es used in this stud> were supplied through the courtesj 
of the National Amline and Chemical Company New York, to whom the authors 
desire to express their thanks 
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The apparatus used for this purpose is shov\n m Fig 1 The \esscls A and C 
are filled tsith a concentrated solution of sodium chlonde These vessels contain 
the electrodes which are connected to a 45 \olt source of e m f The \esscl B 
contains a 0 05 per cent solution of the dj estuff in a buffer The bridges Z> and £ 
are prepared from bent glass tubing filled with a gel prepared from a 2 per cent 
solution of agar in normal potassium chlonde 

The solutions of the d\ estuff were prepared vith buffers at four different pll 
values, namely 1 2, 5 0, 7 3, and 8 4 A 0 05 per cent solution of the dje \sas 
used in all cases If the dve was not soluble to that extent a saturated solution 
was used Some djestuffs were too insoluble to use at all at certain pH values 
Electrolv SIS was allowed to proceed for 1/2 hour At Iheendof this time thebndges 
were examined and the direction and extent to which the dje had migrated was 
determined 

The expenments on the dves in the reduced condition were carried out onh 
on those d\ es w hich could be reversibly reduced 



Fig 1 Diagram of apparatus for determination of charge upon d}C chromogen 

Reduction was accomplished b> carcfulh adding a dilute solution of sodium 
hvdrosulfite to the buffered solution of the d>e After reduction the surface of 
the solution was covered with a laver of mineral oil to exclude air Dicstuffs 
which could not be complcteh reduced with sodium hvdrosulfite were reduced with 
hjdrogen and platinized asbestos \ small amount of sodium hjdrosulfite vas 
incorpontcd in the agar gel to remove dissolved oxjgen After electrolysis the 
agar plug v as forced from the bndge and the color restored by placing the plug 
in 1 per cent hy drogen peroxide 

The charactenstics of the several dves emplovcd are indicated in the tables 
of results The color index number is given as an aid in characterizing the dye 

RESULTS 

In Table I are listed those dvcstulTs which are found to be eliminated 
m the gastnc luice, classified as to their structure, their d>e applica- 
tion clavs and as to the location of chromogen in cation or anion, ac- 
cordi ’g to tl c method described It i:> to be observed that all of the 



BAYMOND C INGRAHAM AND MAURICE B VISSCHER 


699 


dyes found to be secreted by the stomach fall into the dye application 
class of basic substances, eccept fuchsin S It should be noted that 
the dye application classification is a technical one employed m the 
dyeing industry According to this classification, basic dyes are those 
■which are salts of a color base and arc substantn e to cotton, ivliile acid 


TABLE 1 

Dyestuffs Eliminated by the Gastric Gland 


Dye 

Color 

index 

No 

Chemical 

clisslficftUon 

Apfli 

cation 

clats 

Location ofcbromoetix 

rcrcenlif® 
of injected 
blood CO 
ceDtrttion 
appeatSns 
Iq KCTctlon 

ChiysQidmt Y 

33 

Azo 

Basic 

In cation 

BQI 

Bismatk brown 

331 

Dis ozo 

Basic 

In cation 

BUB 

Fuchsin S 

692 

Tnphenyl 

methane 

Acid 

Anion when oxidized 
both when reduced 


Malachite green 

657 

Tnphenyl 

methane 

Basic 

In cation 

B 

Rhodamme B 

749 

Pyronme 

Basic 

Both anion and cation 

6 1 

Pyromne B 

741 

Pyromne 

Basic 

In cation 

5 7 

Acndine red 

740 

Pyromne 

Basic 

Both amoD and cation 

8 4 

Indophenol 

821 

Indophenol 

Basic 

In cation 

— 

Methylene green 

924 

Thiazme 

Basic 

In cation 

13 6 

Methylene blue 

922 

Thiazinc 

Basic 

In cation 

15 0 

Thionm 

920 

Thiazinc 

Basic 

In cation 

36 8 

Toluidin blue 

925 

Thiazme 

Basic 

In cation 

36 4 

Azure H 

923 

Thiazlne 

Basic 

In cation 

• 

Nile blue B 

913 

Omzine 

Basic 

In cation 


Brilliant cresyl blue 

877 

Oxazme 

Basic 

In cation 

n 3 

Cresyl echtviolct 

— 

Oxazme 

Basic 

In cation 

3 4 

Neutral red 

825 

Azme 

Basic 

In cation 

26 4 

Neutral violet 

— 

Azme 

Basic 

In cation 

27 2 

Salranin 0 

841 

Azinc 

Basic 

Cation when oxidized 
both when reduced 

27 3 

Thloflavinc T 

815 

Tbiazol 

Basic 

In cation 

1 3 


• Not estimated. 


dyes are salts of color acids and arc substantive to ivool in dilute sul- 
furic acid solution These cntena are obnously madequate to dis 
tinguish amphoteric or partially amphoteric dyestuffs from those 
tthich ionize so that the chromogen is exclusitcly m one ion A1 
though most dyes listed as appearing in the gastric juice arc typically 
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basic, two of them, rbodamine B, and acndine red, show by the bndge 
experiments that the chromogen is present partially as anion and par- 


TABLE n 

Dyes Eliimnatcd by the Pancreas 


Die 

Color 

jndet 

No 

Chemical 

classification 

Apph 

cation 

class 

Location of chromogen 

Percentage 
of injected 
blood con 
centration 
appearing 
in secretion 

Resorcin green 

1 

Nltroso 

Acid 

In anion 

5 10 

Naphthol yellon 

9 

Nitro 

Acid 

In anion 

0 18 

Methyl orange 

142 

Azo 

Acid 

In anion 

0 12 

Orange I 

150 

Azo 

Acid 

In amon 

0 43 

Superchrome violet B 

169 

Azo 

Acid 

In amon 

0 51 

Wool blue CG 

59 

Azo 

Acid 

In amon 

0 69 

Fast fuchsin 6B 

56 

Azo 

Acid 

In amon 

0 63 

hlethyl red 

211 

Azo 

Acid 

In amon 

1 63 

Alpha azunne 2G 

1 

712 

Tnphenyl- 

methane 

Acid 

In amon 

0 18 

Rosohc acid 

724 

Tnphenyl- 

methane 

Acid 

In amon 

0 23 

Fuchsm S 

692 

Tnphenyl- 

methane 

Acid 

Amon vhen oxidized, 
both nhen reduced I 

0 23 

Gentian violet 

680 

Tnphenyl- 

methane 

Basic 

I Cation when oxidized, 
both when reduced 

0 08 

Fuchsm Y 

677 

Tnphen}'!- 

methane 

Basic 

Cation when oxidized, 
both when reduced 

0 71 

Uranine yelloii 

766 

Pyronme 

Acid 

In anion 

0 48 

Acid-fast iuolet GRF 

758 

Pyromne 

Acid 

In amon 

0 52 

Eosin BS 

771 

Pyromne 

Aad 

In amon 

♦ 

Phenol red 

— 

PjTonine 

Aad 

In amon 

» 

Phenolphthalein 

764 

PjTonme 

Acid 

In amon 

0 34 

Cresol red 

— 

Pyromne 

Acid 

In amon 

0 23 

Acndme red 

740 

Pyromne 

Basic 

Both amon and cation 

1 80 

Rhodarmne B 

749 

Pyromne 

Basic 

Both amon and cation 

1 43 

Bnlhant blue CFG 

855 

Azine 

Acid 

In amon 

0 43 

Wool fast blue BL 

833 

Azme 

Acid 

In amon 

0 05 

Saframn 0 

841 

Azine 

Basic 

Cation when oxidized, 
both when reduced 

0 41 

Indigo disulfonate 

1180 

Natural 

Acid 

In amon 

1 00 


* Not estimated 


tially as cation, although the d3^es are both classed as basic in the 
technical terminology Furthermore, three other dyes in the list 
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behave anomalously One, fuchsm S, ionizes with the chromogen 
in the anion when m a fully oxidized form, thus justifymg its classifica- 
tion as an acid dye in that state, but shows migration of dye to both 
anode and cathode when reduced The other two which are typically 
basic in the omdized form when reduced are likewise partially am 
photenc 

Similarly m the case of dyes found in the pancreatic jmce after in 
travenous injection, as shown m Table II, the dyestuffs fall m both 
acid and basic classes, according to the usual technical dye apphca- 
tion test When the location of the chromogen is studied by the 
bridge method, however, it is seen that m each of the four dyes, fuch- 
sm y, acndine red, rhodamme B, and saframn 0, which are basic 
dyes accordmg to the technical classification, the chromogen is in 
reality capable of being in either cation or anion 

It is particularly significant, m connection with the fact that no 
typical basic dyes appear in pancreatic juice, that the dye secretion 
IS bemg studied in these experiments simultaneously in stomach and 
pancreas, and that therefore the influence of the blood concentration of 
the dye is automatically controlled Since basic dyes leave the blood 
rapidly it might be urged that the pancreas could not for that reason 
secrete them This would be a vaUd argument except for the fact 
that at the same concentration in the blood the gastnc glands are 
actually able to secrete them Obviously, therefore, there is a signifi- 
cant difference in the behavior of the two types of secreting structures 
toward these dyes 

A good many dyes do not appear m either gastnc or pancreatic 
juice after intravenous injection As seen m Table III, these dyes 
fall mto a wide vanety of chemical classifications It is not of par- 
ticular importance to the theory that dissociation charactenstics and 
charge dctermme which dyes can appear in the two juices, whether or 
not aU acid dyes appear m pancreatic juice and all basic ones m gastnc 
juice, the important point is that no electropositive dyes are found 
appeanng in pancreatic juice, nor electronegative dyes m gastnc 
juice It should be noted at this pomt that a good many dyes which 
Kobayashi, and Ivy and his collaborators, found not to be excreted, 
have been found in these studies to be elirmnated either by the pan- 
creas or stomach, as shown in the first two tables This difference in 
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observation is to be attributed to tbe facts that the earlier investiga- 
tors overlooked certain dyes appearing in the reduced form, and that 
they employed smaller dosages of dye It has been found in these 
studies that certain dyes, such as fast wool blue B, which does not 
appear when administered at the standard dosage used in these ex- 
periments and IS therefore not included in Table II, appear when the 
concentration in the blood is increased by adrmnistenng double the 


TABLE in 

Dycstiiffs Not Ehvnnaled by Either Organ 


Dye 

Color 

index 

No 

Chemical classification 

Applica- 
tion class 

Location of 
chromogcn 

Naphthol green 

14 

Nltroso 

Acid 

In anion 

Fast wool blue B 

209 

Azo 

Acid 

In amon 

Wool orange 2G 

27 

Azo 

Acid 

In amon 

Wool scarlet BR 

280 

Azo 

Acid 

In amon 

Trypan red 

438 

Dis azo 

Aad 

In amon 

Trypan blue 

477 

Dis azo 

Acid 

In amon 

Light green yellowish SF 

670 

Tnphenylmethane 

Acid 

In anion 

Wafer blue 

706 

Tnphenylrnethane 

Acid 

In amon 

Bnlhant green 

662 

Tnphenylmethane 

Basic 

In cation 

Methyl violet 2B 

680 

Tnphenylmethane 

Basic 

In cation 

Pyrrol blue 

— 

Tnphenylmethane 

Acid 

In amon 

Ahzann red S 

1034 

Oxyketone 

Acid 

In amon 

Alizarin sapphire 

1054 

1 Oxyketone 

Acid 

In amon 

Erythrosine B 

773 

Pyronme 

Acid 

In amon 

Rose bengal 

777 

Pyronme 

Acid 

In amon 

Brom phenol blue 

— 

Pyronme 

Acid 

In amon 

Brom thymol blue 

— 

Pyronme 

Acid 

In anion 

0-Cl-phenol indophenol 

— 

Indophenol 

Acid 

In amon 

Thioflavine G 

815 

Thiazol 

Acid 

In amon 

Cochineal powder 

1239 

Natural 

Acid 

In amon 


dose No increase in dosage, however, has been found to cause com- 
pletely acid dyes to appear in normal gastnc juice, or completely 
basic ones to be secreted by the pancreas 

In Table IV are presented in summary the characteristics of those 
seven dyestuffs which have been found to be anomalously secreted by 
the stomach or pancreas Exceptmg these seven substances, all the 
dyes elumnated by the stomach are typical basic dyes with the chromo- 








BAYUOND C INGRAHAM AND MAURICE B VISSCHER 703 


gen in the cation, while all of the dyes eliminated by the pancreas are 
typical acid dyes with the chromogen m the amon In the case of the 
SIX so called basic dyes appearmg in the pancreatic juice, the two 
pyronmes, acridine red and rhodamme B are amphoteric and are found 
to migrate partially to the anode and partially to the cathode between 


TABIE IV 
Anomalctts Dyestuffs 




Usoat 
class ft 
cation 




Dye 

Chenucat 

class 

Location of 
chromosen 

1 



Fuchsm S 

1 

1 Tnphenyl 
i methane 

. Acid 

, Anion when 
oxidized, 
both when 
reduced 

+ 


Chiomogen becomes 
partially ampho- 
tenc upon x«iuc 
bon 

Fuchsin Y 

1 

1 

Tnphenyl 

methane 

Basic 

Cation when 
oxidized 
both when 
reduced 


+ 

Chiomogen becomes 
partially ampho* 
tenc upon rcduc 
bon 

Gentuin violet 

Tnphenyl 
methane 1 

Sasic 

Cation when 
oxidized, 
both when 
reduced 


+ 

Chromogen becomes 
partially ampho- 
teric upon reduc 
bon 

Malachite green 

Tnphenyl 

methane 

Basic 

Cation when 
oxidized 
both when 
reduced 

+ 


Chromogen becomes 
parbally ampho- 
tenc upon reduc 
bon 

Acndme red 

Pyronine 

Basic 

Both m anion 
and cation 

+ 

+ ' 

1 

A parbally ampho 
tenc dye 

TUiodamine B 

Pyromne 

Basic 

Both in anion ' 
and cation ' 


+ 

A partially ampho- 
tcnc d>e 

Safranm 0 

Azine 

Basic 

Cation when ! 
oxidized j 
both when j 
reduced i 

+ 1 

+ 

Chromogen becomes 
partially ampho* 
tenc upon reduc 
bon 


pH 1 2 and pH 8 4 They may be designated according to the classi 
fication of Bethe (,1920) as partially amphoteric dyes Their electro 
negativity increases in alkalme solution and their electropositivity 
increases in acid solution The other three basic dyes in this group, 
fuchsin Y, gentian violet, and safranin O, show the chromogen ex 
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clusively m the cation in the ordinary oxidized condition, but become 
partially amphoteric on reduction 

It is apparent that those dyes which are partially amphoteric would 
have opportunity to appear m both gastnc and pancreatic juices, as 
the}'’ do, and that in the case of a dye whose chromogen changes its 
charge on reduction there is, likewise, the opportunity for appearance 
in either juice, dependmg upon the state of oxidation or reduction 

In the case of the ordinarily classified acid dye, fuchsin S, there is 
some question as to whether it is actually secreted by the acid fonmng 
parietal cells or by mucus secretmg cells Five experiments were 
earned out usmg this dye In three experiments the gastnc jmee was 
famtly tmted red and in two no coloration was noted In the positive 
experiments large quantities of deeply stamed mucus were found in 
the stomach The low concentration of fuchsin S in the gastnc juice 
IS also significant smee all other secreted dyes were present m high 
concentrations It is true, however, that the behavior of fuchsin 
S upon reduction would explain its appearance in the gastnc juice, but 
one must then assume that reduction takes place after the dye has 
passed from the blood into a more acid environment smee at the pH 
of the blood fuchsm S is present as a colorless carbmol, incapable of 
being reduced 

It IS well known that the reduction of dyes m such a system as exists 
in the tissues is a relatively slow process (Voegtlm, Johnson, and Dyer, 
1924) and that, therefore, the dyes which are capable of reversible 
reduction may logically be expected to be found partially in the oxi- 
dized and partially in the reduced form in the tissues for some time 
A further investigation is being continued on this pomt in order to 
determine, if possible, the oxidation-reduction characteristics of the 
gland cells themselves from observations on the state of oxidation or 
reduction of the dyes m the secretions Preliminary observations 
seem to show that the gastric glands are strongly reducing as compared 
with the pancreas, inasmuch as certam dyes appear m gastnc juice 
in the reduced form, vhile no dyes have appeared in pancreatic juice 
reduced For example, p}Tonme B and mdophenol appear in the 
gastnc jmee in the completely reduced form and can only be detected 
by the addition of an oxidizmg agent 
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THEORETICAL DISCUSSION 

Since it IS found that those dyes whose chromogen is constantly 
present in the anion and are, therefore, electronegative are secreted 
only in the pancreatic juice, and that those dyes whose chromogen is 
constantly in the cation and are, therefore, electropositive are only 
secreted m the gastric juice, and smce, further, aU other dyes appear 
mg m either jmce are found to be either partially amphotenc or to 
alter the charge on their chromogen upon reversible reduction, it 
appears that a generalization can he made, namely, that only dyes 
whose chromogen is electropositive under suitable conditions appear in 
gastric jmce and only those dyes whose chromogen is electronegative 
under proper conditions appear in pancreatic jmce This uniformity 
in the group of more than sixty dyes studied in this way could scarcely 
he fortuitous Smce solubility, migration velocity, and other physical 
propeities of dyes exceptmg them dissoaation characteristics are not 
related to the sign of the charge, the conclusion seems proper that 
factors related to the character of the electric charge determme the 
conditions of passage of these substances through the glands Two 
major alternatives suggest themselves m e’lplanation of these findings 
They are based upon two quite different views as to the mechamsm of 
penetration of substances through biological membranes One is 
based upon the so called pore theory and the other upon the non 
aqueous phase solubihty concept Specific ion permeabihty according 
to the first mechanism is due to the existence of charges on the walls 
of membrane pores According to the second view, transportation 
across membranes is not related to conditions of ionization in the 
membrane phase, but depends upon the parbbon coefficients for 
vanous substances between aqueous and non aqueous phases, the 
membrane being considered to consist of the latter — a completely 
conUnuous but perhaps extremely thin layer In order to account for 
the selective permeability of specific ions bj the membrane itself on 
this view It IS possible to postulate acid and basic substances in this 
non aqueous phase, in which chemical combination may account for 
specific solubility On the other hand the membrane might be quite 
non selective and the conditions of ionization of dyestuffs at vanous 
H concentrations on either side of the membrane might account 
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for distribution differences That this latter view does not provide a 
universally satisfactory explanation will be shown below 

Two rather separate questions are involved in the problem at hand 
The method of restramt of entrance of the acid dyes by the gastric 
glands, and the basic ones by the pancreas, constitutes one problem, 
the mode of permeation of the opposite class m each case may be 
looked upon as quite a separate question As wiU be developed more 
at length below, it is possible to mterpret the restraint of one electro- 
chemical class of dyes as due to polar adsorption on oppositely charged 
surfaces These surfaces may be the continuous phase of a colloidal 
gel of proper charactenstics A positive charge would thus restram 
dye anions Smce dye cations appear m the secretion their passage 
must somehow be explamed Several suggestions as to possible 
mechamsms are given below, but it must be admitted at once that 
there is as yet msufficient mformation to permit of a positive 
conclusion 

Dyestuffs are well known to be substances capable of strong polar 
adsorption, in which they differ stnkmgly from small ions such as 
sodium or chloride (Bogue (1924) and Kruyt (1927)) Smce elec- 
tronegative dye ions would be firmly bound to electropositive struc- 
tures by polar adsorption and smce they do not appear m gastric 
juice, It seems not unlikely that their failure to so appear is due to 
adsorption on electropositive structures 

The relation of the charge on a membrane to the conditions of pas- 
sage of dyes can be observed in the followmg simple expenment Col- 
lodion membranes can be impregnated with benzoic acid and the elec- 
tronegativity increased To 10 per cent parlodion in equal parts of 
alcohol and ether was added benzoic acid up to 4 0 per cent Mem- 
branes were cast as previously described As indicated in Table V 
both acid and basic dyes dialyze through the membrane with low or 
zero benzoic acid content, but with 4 per cent of the latter, basic dyes 
are completely restramed, while the acid dye still passes through 
Since the benzoic acid increases the negative charge on the membrane 
it seems that polar adsorption accoimts for the impermeability to 
positive dyes 

The benzoic acid collodion membrane is partially impermeable to 
inorgamc amons also, since with 0 001 N KCl on one side and 0 1 N 
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on the other an E M F can be measured with calomel electrodes, with 
the more concentrated side negative The magnitude is only 10-20 
per cent of the theoretical maximum, which one obtains with thor- 
oughly dned membranes (Michaehs, 1925) In spite of this partial 
impermeability to salt amons the dye amons are able to penetrate 
This may be due simply to the large size of the pores, or to other 
factors 

The important result of this experiment is to show that a charged 
membrane can completely restrain passage of dyes of opposite charge 


TABLE V 

Passage of Dyestiefs through Collodton Membrane Coniatmng Ben otc Actd 


Dyestufl 

CoDcc&tiation of benzoic 
ftcid in collodion 

CoDceotr&tion of dy« 

uo dul/xatet 


Pe ettU 

per tent 

Meth>lene blue 

0 0 

6 5 

Fast fuebsm (SB 

0 0 

16 0 

Methylene blue 

2 0 

3 0 

Fast fuchsia 6B 

2 0 

16 0 

Methylene blue 

4 0 

0 0 

Fast fuchsin 6B 

4 0 

6 4 


* The percentage of benzoic aad 13 based on tbe original collodion solution 
from which the membranes were cast 


t The composiuon of the dye m the dialyzate at 2 hours time is expressed as 
per cent of the ongmal dye soluUon 

A s im i l ar result is obtained with formalimzed gelatin membranes 
These membranes were made by pounng 20 per cent gelatin solution 
at about 70“C into test tubes, allowing complete drainage, fixing the 
gel by immersion in cold water, followed by treatment for 30 mmutes 
with 15 per cent formalin By placmg these membranes in acid or 
alkahne solutions their charges were reversed, and their permeabihty 
characteristics noted As indicated in Table VI, the aad dyes were 
restrained when the membrane was electropositive, that is, when the 
gelatm dissoaated as a base, and vice versa on the alkahne side of the 
isoelcctnc point where it acted as an acid The restraint of oppositely 
charged dyes was not absolutely complete m the case of these mem 
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braiies, but the changes are suificient to corroborate the previous 
conclusion that polar adsorption is responsible for the phenomenon 
Bethe (1922) found such adsorption in the case of parchment 
membranes 

If these inferences can be transferred to the cases of the secreting 
structures of the gastric and pancreatic glands, it could be deduced 
that the membranes across which secretion occurs in the gastric glands 
are electropositive, while in the case of the pancreas they are negative 

The passage of electropositive dyes across a positively charged mem- 
brane into the gastric juice ofiers numerous problems A completely 


TABLE VI 

Dialysis of Dyes through Gelatin Membranes 


Dye 

Time of 
dialysis 

Class 

Conccntrition of dye 
in dnlyzate* 

1 


In NaOH 

In SCI 

Abzann sapphire 

/irs 

3§ 

Acid 

1 0 

0 008 

Rhodarmne B 

2 

Amphotenc j 

2 0 

5 7 

Methylene blue 

2 

Basic 

1 0 

8 4 

Wool scarlet BR 

3i 

Acid 

3 3 

0 1 

Fast fuchsm 6B 


Acid 

4 9 

0 1 

Safranin 0 

3i 

Basic 

1 9 

4 0 

Neutral red 

3} 

Basic 

Insoluble 

3 9 


* In per cent of concentrabon in original solubon 


cation-impermeable membrane should not allow any dye cations to 
pass through It may be that the basic dyes do not pass through m a 
strongly ionized state hlany of these dyes are capable of reversible 
reduction and some, as noted above, actually appear in the juice in 
the leuco form In this state the dyestuff has lost its strongly polar 
character because the imido-nitrogen is changed to amido, which has a 
very much lower dissociation constant It is well known that weak 
bases such as ammonium hydroxide penetrate cell membranes readily 
while strong electrolytes such as sodium hydroxide permeate slowly 
if at all through the same type of membrane Reduction of an acid 
dye causes no change in its polar group, consequently it ’svould not 
behave similarly Not all of the basic dyes appearmg in gastnc juice 
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are capable of reversible reduction As a class the basic azo dyes are 
not. It IS significant that these dyes do not contain the imido nitro 
gen group, and therefore do not originally have the strongly polar 
character possessed by dyes containing this group 

Penetration of certain dyes in reduced form ivas noted by Brooks 
(1926) in the case of Valonta Wertheimer (1923) and Amber- 
son and Klem (1928) have studied the frog’s skin in relation to dye 
permeation and electromotive conditions This membrane is selec- 
tively permeable to basic dyes in the outward direction, and to acid 
dyes in the opposite The charge depends upon the pH and can be 
reversed on passing the isoelectric pomts which are different for the 
inner and outer layers of the skm 

Severalotherhypothesesmight be advanced to evplam the mecha 
nism of permeation of basic dyes mto gastnc juice As mentioned 
above, it is unnecessary to assume passage in an aqueous phase Os- 
terhout (1933) has called attention to the possibility of explaining many 
perplexmg permeability problems on the basis of non aqueous phase 
solubility Irwin (1928) has developed a partition coeffiaent theory 
in this connection which would under certain condihons explain con- 
centration of basic dyes in an acid secretion, and acid dyes m an al 
kaline secretion 

If a non aqueous phase separates two aqueous phases, and if the 
dye IS soluble m the non aqueous phase, the characteristics of the two 
aqueous phases -will determine the distribution at equihbrium In 


the case of an acid dye, HD H -)- 12, the dissociation constant 

[h] X fZ?] 

will be Ka = — ’ ‘ If only HI> permeates the non aqueous 

[UX/J 

phase, its concentration should be identical in the two water systems at 
eqmlibnum This is true since the distnbution coefiicicnt between 
the aqueous and the non aqueous phases for the case in question is 
C (1 - a) _ , , 

— — = Ki, where C is the total concentration of dye (dissociated 


and undissociated) in the water phase, Ci the concentration in the 
non aqueous phase, and a the degree of electrolytic dissociation in 
water (cf Taylor, 1930) The quantity of D on either side will 
depend upon the H concentration If both aqueous phases arc 
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Strongly buffered and are at different acidities, the one with the higher 

H concentration will accumulate little D as compared with the other 
To take a numerical example let the pH of the blood be taken at 7 4 
and that of gastric juice as 1 0 Since at equilibrium, if [HP] is 
negligible, 


[b], X [3], = X [d]„ 

[p]h [h], 10-1 

Thus the ratio of acid dye ion in blood to gastric juice would be 
about 1 0 000001 This small fraction of the amount in blood would 
be undetectable by our methods 

This reasoning takes no account of the undissociated fraction, how- 
ever, which in some instances is large, as in the case of the azo dyes 
If <x is less than 0 9 the amount of undissociated dye at equilibrium 
would be amply sufficient to be detected by our methods The degree 
of dissociation of many of the dyes used is much less than this figure 
at the pH values in question We believe that this difficulty invali- 
dates such an otherwise attractive hypothesis, since it will not account 
for aU cases The calculations for a specific case are given in Appendix 
I It can be seen that at equilibnum there should be significant 
quantities of many acid dyes in the gastric juice, on this hypothesis 
Smce they are not found, the theory, at least m its simplest form, must 
be abandoned There remains, however, the possibility that the rate 
of passage of the two classes of dyes is different Thus, acid dyes 
might pass much more slowly through the gastric gland membranes 
tlian do basic dyes This would involve a problem m membrane per- 
meability, however, and can be considered as a special aspect of the 
following case 

The ability of a substance to penetrate a membrane can be con- 
sidered to be dependent upon its solubility m the membrane, if the 
latter consists of a contmuous phase The pore concept, considered 
first, contemplates passage through an aqueous phase in a non-homoge- 
neous membrane If one supposes that solubility in a non-aqueous 
phase determines the conditions of passage of dyes, then there should 
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be some charactensbc which dyes that penetrate have in common 
Simple solubility in lipoid solvents docs not provide such a common 
diaractenstic (Ivy, Kobayashi) The possibility of compound forma- 
tion would, however, provide a basis for separation between acid and 
basic dyes If this were the mechanism, one would expect the gas 
trie mucosa to accumulate within its secretmg structures, the type 
of dye which would penetrate into the gastnc jmee As a matter 
of fact, the opposite is noted Dyes which do not appear in gastric 
juice are accumulated m the gastnc gland tissue Likewise m the 
pancreas, basic dyes, which are not secreted by it, are accumulated 
in its cells A senous objection to the validity of deductions from 
these latter observations, is that one cannot be certam of the exact 
histological structures responsible for secretion If only the cell 
walls of parietal cells adjacent to the foveolar lumen are responsible 
for detemuning the character of materials entenng gastnc juice, 
then, of course, what matenals accumulate in the rest of the cells is 
of no consequence It is therefore not possible to rule out the con 
cept of non aqueous phase solubility as the mechanism of selective 
dye secretion, but it is not supported in any of our observations 
Without insisting upon the finality of the mteipretation it may 
properly be pointed out that if the selective permcabihty be con 
sidered as due to electrostatic charge charactenstics, certain inter 
estmg deductions follow as to the mechanism of acid secretion in the 
stomach, and alkali secretion in the pancreas According to the 
pore theory if the secreting cell membrane in the gastnc glands is 
positively charged it would be impermeable to inorganic cations 
Mond and Hoffmann (1928) have studied such membranes and found 
them to behave so Such a membrane would under suitable con- 
ditions permit passage of chlonde ions into a secretion while restrain 
mg inorganic cations such as sodium 
It is altogether likely that gastnc juice is essentially an isotonic 
solution of HCl Hollander (1934) has shown that when fundic 
pouch secretion is studied the composition of the juice approaches a 
pure aqueous solution of hydrochlonc acid as the content of organic 
solids present approaches zero Extrapolating to zero protein con 
centration, he finds that what he calls the true panetal secretion 
V. ould actually be a solution of HCI isotonic with blood plasma Hon 
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(1933) has also shown that the difference between total and free 
acidity approaches zero, at zero protein content of juice The fact 
that the parietal component of gastric juice is secreted as a virtually 
pure HCl solution would seem consistent with the view that chloride 
IS able to appear in the juice because of selective anion permeability 
as suggested above 

The origin of the hydrogen ion in such a system is not clear from 
the foregoing considerations In a subsequent paper we will present 
model experiments in which it is possible to supply hydrogen ion 
for the chlonde by a method of anion exchange Carbon dioxide 
IS made to combme with water on one side of a membrane imperme- 
able to cations, the hydrogen ion resulting from dissociation remains, 
while the bicarbonate ion moves out of the compartment to main- 
tain electrostatic neutrahty The work involved in the secretion of 
hydrochloric acid is not that of separating anion from cation, but 
simply that of substituting one cation for another under suitable 
circumstances Jacobs and Parpart (1932) have considered this prob- 
lem in connection with the chloride shift in the erythrocyte 

Reference should be made to observations reported by Henning 
(1932) upon the living frog stomach, which are apparently in dis- 
agreement with the observations reported here In a microscopic 
study Henning found that acid dyes strongly stained the fundus 
region In this observation he confirms others already referred to 
It is obvious, however, that one should not confuse the ability of the 
ceUs to pick up the stain with their ability to secrete it He did not 
collect gastric juice but tried to determine whether dyes were secreted 
or not by wiping off the mucous membrane of the whole stomach with 
pledgets of cotton He found certain acid dyes appearing in the 
secretion in the stomach, and, m fact, made the generalization that 
only acid dyes are so secreted He was entirely in error, however, 
m classifying magdala red, neutral red, and methylene blue as acid 
dyes, inasmuch as they are weU known (Cain and Thorpe, 1918) to 
be basic Furthermore, he is in complete disagreement with all 
other vorkers (Dawson and Ivy (1925), Kobayashi (1926), and our- 
selves) in finding the acid dyes, fluorescein, eosin, er>’-throsine, trypan 
blue, and Congo red secreted He has no proof, however, that these 
dyes were secreted by the fundic glands, which the other uorkcrs 
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have been concerned with, and it therefore seems likely that they 
were actually secreted by the pyloric glands, which have an entirely 
different type of secretion It is well known that the pyloric glands 
secrete a neutral or alkaline fluid (Babkin, 1928) In view of the 
fact that acid dyes ate readily secreted by the pancreas, the typical 
alkali secreting gland, it would not be surprising if the pyloric glands 
might do liken ISC In this connection it should also be noted that 
the experiments reported in the present report refer to secretion under 
strong histamine stimulation This exatant, as Vineberg and Bab- 
kin (1931) have shown, calls forth the highly acid non mucous se 
cretion from the stomach Pilocarpine and certain types of vagal 
excitation, on the other hand, yield a secretion nch in organic 
components 

With regard to the pancreatic secretion, a picture stnctly analogous 
to that existing in the gastric glands can be drawn Since dye cations 
are restrained, it may be supposed that the membrane possesses a 
negative charge Inorgamc anions would be restrained by elec- 
trostatic repulsion while the cations would pass through In this 
respect the membrane would behave like the frog skin, in diffusion 
from without in, as studied by Wertheimer (1923) 

CONCLUSIONS 

1 All dyes appearing in gastne juice after intravenous injection 
in the dog are characterized by having their chromogen in the elec 
tropositive ion under suitable conditions 

2 All dyes ehminated m pancreatic juice ionize with the chromo 
gen electronegative under proper circumstances 

3 The amphoteric characteristics of certain dyestuffs, as well as 
the changes m charge associated with reversible reduction in others, 
have been taken into consideration, and the lack of success of previ 
ous investigators in finding a common characteristic of dyes secreted 
by the gastne glands differentiating them from those secreted by the 
pancreas, has been shown to have been due to failure to take these 
potentialities of the dyestuffs into account 

4 Several possible hypotheses concerning the mechanism of selec- 
tivity to dyestuffs have been considered Differences in distribution 
in acid, neutral, and alkahne phases will not account for selective 
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secretion without postulating also specific membrane permeability 
It IS pointed out that the theory most thoroughly in accord with all 
the facts observed is based upon the pore concept To restrain 
electronegative dyes by polar adsorption, the pores of the membranes 
of the gastric glands would have to be positively charged Such 
pores would constitute an electrostatic filter, restraining from pas- 
sage all mobile ions of the same charge The anions, which in plasma 
are mostly chloride, could pass this barrier into the secretion In 
order to have hydrochloric acid formation, anion exchange would 
have to occur, bicarbonate, lactate, or some other anion from the 
gland lumen returnmg to balance chloride entenng, leaving the hy- 
drogen ion from the weaker acid in the secretion This tentative 
theory can also be seen to fit many of the facts of pancreatic secre- 
tion, where electropositive dyes are restramed, and alkah is secreted 


APPENDIX I 

Cahulahon of the dislribulwn of phenol red between blood and gastric juice, 
assuming an ml phase boundary in which the dye is soluble 


Phase I I 

Phase IX 1 

Phase m 

Aqueous 

Oil 

Aqueous 

pH 7 4 + 


pH 1 0 + - 

Acid dyem}s^'R + D 

Dye HD 

Acid dyeHD^H + D 

Concentration = Ci 

ConcentraUon = C: 

Concentration = Cs 

Dissociation = ori 


Dissociation = as 


Distnbution coefficient of dye between Phases I and II is equal to 


( 1 ) 


Cl (1 - at) 

C. 


Ki 


( 2 ) 


Cz = 


Cl (1 - «■) 
Ki 


distnbution of d}e betv.een Phases 11 and III 


C. (1 - oi) 

C, 


Ki 


(3) 
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Substituting Cl from (2) above 


W) 

(5) 

for tbe aad dye HD 


Cl (1 - g.) Ki 
C. (1 - o.) “ ' 

Cl ^ (1 — ai) 

C, ” (t - m) 


( 6 ) 


(7) 

at pH 7 4 

( 8 ) 

at pH 1 0 
(9) 

therefore 


( 10 ) 


[h 3 [d] 

|HZ?1 


K 


[h ] nC, 

(t — tfi) Cl 


10-^ < aiCx ^ ^ K 

(I - aOCi “ “* * 10-» * + K 


ICr^ <itCt K 

(1 ~ ai)Ci " ^ " 10 -‘ + K 


Cl ^ 10-T< + A ICH* + 10-*-* K 

Cl “ K “ 10-^ * + .K 


for phenol red 

K - 1 25 X 10r» (Clark) 

Cl ^ 10-Tt ^ 10-14 X 125 X 10-« 1000 

Cl “ lO-T* + 1 25 X 10-* “ U14 


In an experimental test with this d>c the predictions of the theory Vicrc ven 
fied Thus it IS apparent that great differences m dye concentration m aqueous 
phases of differing pH are not to be expected in the case of d>es •with dissoaation 
constants less than 1 X 10-^ If the distnbution in such a system v ere the sole 
factor involved aad dyes should be found in gastnc juice Smcc they are not 
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It appears justifiable to conclude that some other factor plays the deciding role 
in allowing many acid dyes to appear in pancreatic juice while preventing all of 
them from coming into the gastric jmce 
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Mammalian erythrocytes though capable of glycolysis arc incap 
able of oxidtzmg carbohydrates by molecular oxygen They ac 
quire this faculty on addition of methylene blue or other reversible 
dyestuffs of a similar range of oxidation reduction potential (1, 2) 
On hemolysis both the faculty of producing lactic acid and, in presence 
of methylene blue, of oxidizing sugar is lost When, however, hexose- 
monophosphate (Robison ester) is used as a substrate instead of 
glucose, even hemolyzed blood cells, in the presence of methylene blue, 
are capable of oxidizing the substrate, as Warburg, Kubowitz, and 
Christian (3) have shown 

Runnstrom, Lcnnerstrand, and Borei (4) found that m such a sys 
tem consisting of hemolyzed blood, hexosephosphate ester (mono or 
di- ) and methylene blue, addition of cozymase from yeast cells has 
two effects it increases oxidation and brmgs about a synthesis of 
inorganic phosphates to phosphate esters These two effects go hand 
in hand, when respiration is suppressed by omitting methylene blue, 
phosphorylation does not occur either On the contrary, the amount 
of inorganic phosphate increases in time So, phosphate esters can 
in such a system either be synthesized or brohen down according to 
whether or not respiration takes place Obviously there is an cner 
getic coupling of oxidation and synthesis quite analogous to what 
Warburg designated as Pasteur reaction, namely the coupling of oxi 
dation and synthesis of carbohydrate from lactic acid as found by 
Meyerhof 

It has been shown already by Engelhard! (5) that a synthesis of 
pyrophosphate ester can take place m intact erythrocytes when their 
717 
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facult}^ of respiration is artificial!}’- established by meth3dene blue In 
muscle also, s3Tithesis of a phosphate ester, namely creatin phosphate 
takes place under the influence of respiration Because of the general 

importance of this couplmg between respiration and synthesis of phos- 
phate esters we have taken up this problem once more for the case of 
"Warburg’s system of hemotyzed blood as referred to above 
This s3’^stem, as stated alread}’- is able to oxidize Robison ester but 
no S3*nthesis of phosphate ester takes place unless coz5nnase is added 
This holds when methylene blue is used as a catalyst On several 
occasions it has been shown b}’ Friedheim (6) that among the reversible 
d3*estuffs of a potential range close to that of methylene blue, pyo- 
C3’^anme had not only a stronger but even a somewhat specific effect 
For this reason Warburg’s system of hemol3’zed blood has been in- 
vestigated replacmg meth3dene blue b}'' pyocyanine It will be shown 
that m this case respiration is coupled with phosphate ester synthesis 
without addition of coz3'mase being necessary, though addition of 
coz3-mase mcreases the effect even to a higher extent 
The essential feature of this paper is to show that p}’-oc3’'anme has 
an effect comparable to the one of a mixture of methylene blue and 
coz3Tiiase 


Methods 

Horse blood corpuscles were used The serum of defibrmated blood vas re- 
moved b 3 centrifuging After two washings with 0 9 per cent NaCl the cells 
were hemobzed b 3 addition of volumes of distdled vater and some drops of 
octil alcohol were added to keep the fluid sterile The hemob'zed cells were 
kept in the ice box for about 20 hours Phosphate buffer, pH 7, was added to a 
final concentration ir/20 to m/ 40 or m some experiments even lower Under 
these conditions the stromata could not be removed b 3 ' centrifuging (8000 e P M ) 
0x3 gen consumption was measured in Warburg’s apparatus at 37°C T^Ietbyhne 
blue or p 3 ocx anme was used m a concentration of 0 008 to 0 01 per cent The 
P 3 oc 3 'amne was a simthetic preparation It was prepared as h 3 'drochlonde and 
the solution carefull 3 neutralized before use The dyestuffs were ali\a 3 's added 
to the si stem of hemoh zed blood and buffer before it was mtroduced into the 
respiraUon chamber So the formation of mctbemoglohin nas brought to a 
standstill before the begmnmg of the measurements The substrate, hexosemono- 
or diphosphate was mtroduced mto the side arm o. the \essel and after the first 
readmg tipped into the main compartment After a suitable time interval the 
reacuon was mterrupted b3 addiUon of a 20 per cent tnchloracetic acid The 
V olume of each sample was diluted with water to 100 cc The Anal concentration 
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of trichloracetic acid amounted to l-l 2 per cent Estimation of phosphorus was 
made according to Fiske and Subbarow (7) with the modification b> Theorell (8) 
m which a colonmeter is replaced bv a step photometer of Zeiss The amount 
of P IS expressed m milligrams per cubic centimeter of the mixture as used m 
the respiration \ essel 

The organic acid soluble phosphates were hydrolyzed according to the method 
of LehnharU m n H**S 04 at 100 C P estimations were made after boibng for 
IS, and for 120 mmutes Finally the total P was determined So four different 
fractions of P are obtamed which arc designated below as I, II, III IV The 
amounts of the different fractions are recorded in per cent of the total P The 
fractions are 
I Inorganic P 

II Increase of inorgamc P after 15 minutes hydrol>sis (chiefly adenylpyro 
phosphate) 

ni Further increase of morgamc P after 120 minutes hydrolysis (chiefly hexosc 
diphosphate) 

TABLE I 


2 cc. hemolyzed cells with methylene blue or pyocj'anme At the time 0 0 2 cc 
hexosemonophosphate added with or w ithout corjinasc (0 02 cc ) 



I Melhjlene blue 

j ryceyanJn 


— 

C62>Taise j 

— 

Coryaase 

Oxygen consumption 60 minutes c mm 
Increase through the addition of cozymase 

182 

2S0 

ISS 

290 

per cent 

1 

1 55 


87 


IV Further mcrease of inorgamc P after complete combustion w ith concentrated 
H"S 04 (compounds highly resistant to hydrolysis hexosemonophosphates, 
etc.) 

The cozjTnase preparation used throughout the experunents was kindly forwarded 
to us by Professor K Myrbkck It was punfied according to the method de 
senbed by him (9) Its original strength was 330 Co umts per cubic centimeter 
It was kept m several sealed tubes The activity ma> have somewhat decreased 
with aging but no current determinations of activity were made 

The Action of Methylene Blue and Pyocyamne 
Pyocyanine and methylene blue do not differ essentially in their 
effect on oxygen consumption On addition of cozymasc there is an 
increase of oxygen consumption with cither dye (Table I) There is, 
how ever, a distinct difference between methylene blue and pyocj anme 
as regards the distribution of the four P fractions This is shown by 
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the record of a few experiments (Tables II and III) among the many 
earned out The effect of pyocyanme alone is about the same or even 
somewhat stronger than that of methylene blue and cozymase, and a 


TABLE n 

2 cc hemolyzed cells with methylene blue or pyocyanme At the tune 0 0 15 
cc hexosemonophosphate was added with or without cozymase (0 2 cc ) 



Methylene blue 

Pi oc} amne 

i 

CozjTnase 


Coziinase 

Duration of experiment, win | 

0 

ISO 

0 i 

ISO 

0 j 

ISO 

0 

ISO 

1 

P fractions in per cent 

I 

62 

54 4 

62 3 

46 5 

1 61 4 

41 5 

60 8 

30 3 

of P 

n 

2 6 

3 9 

0 54 

6 3 

0 7 

6 

2 3 

6 75 


in 

5 75 

12 8 

8 2 

17 2 

3 5 

14 

4 

13 7 



29 65 

28 9 

. 

29 

29 

34 4 

38 5 

32 9 

SO 75 


The total P was 1 1 mg per 1 cc 


TABLE m 

2 cc hemob'zed cells with pyocyanme At the time 0 0 2 hexosemonophos- 
phate was added with or without cozymase (0 2 cc ) 




Corjtnasc 

Duration of experunent irs ^ 

0 

4 

20 

0 

4 

20 

1 

P fractions in per 

I 

36 7 

11 2 

25 

35 2 

4 4 

26 

cent of total P 

II 

3 7 

21 6 

10 9 

3 1 

20 2 

11 3 


in 

— 

5 7 

0 7 

1 6 

9 45 

1 5 


IV 

59 6 

61 5 

63 4 

59 1 

65 35 

61 2 


The total P was 0 945 mg per 1 cc 


combination of pyocyanme and cozymase has a still higher effect In 
the absence of a dyestuff no phosphate is bound,' on the contrary an 
increase of the inorganic phosphate may take place It can also be 

' The following expenence ma> be worth communicating As a rule, meth> lene 
blue without cozjmase does not bnng about any decrease of the inorgamc phos- 
phorus (Fraction I), sometimes even a small mcrease In other cases there is a 
certain mcrease m Fraction I, though very small indeed Table II represents 
such a case This occurred particularly and regularlv with the blood of the horse 
used for the exp^nment described in Table II It is v^erj likel> that a substance 
analogous to coz.vmase is aluais present in the blood in a small concentration 
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seen from Table III that after a longer duration of the experiment (20 
hours) a breakdown of P compounds takes place again This is cer- 
tainly due to the oxidation of the P compounds formed However, 
even after 20 hours the inorganic P is far below its value at the time 0 
In a senes of experiments the influence of the concentration of the 
inorganic P was tested and it was found that the absolute amount of 
P combined is the same whether the mitial concentration of the phos 
phate buffer was m/40 or m/20 

Table IV gives one of the expenments with hexosediphosphate as 
a substrate There is a strong increase of Fraction IV dunng the 
expenment The last three columns of the table show what happens 

TABLE IV 


2 cc heraolyzed cells with pyoci-anine or without pvociamne (In this case 
corresponding amount of distilled water was added to the hemolyzed cells) At 
the time 0 0 2 cc hexosediphosphate was added with or without cozymase (0 3 cc) 



Pyoeytnlae 

W“tbeul pyoeytaiae 

— 

Corymist 

— 

Dunt oa expemoeaU 










Aff- 


Q 

3 

20 

0 

3 

20 

0 

3 

20 

P fractions m 

1 

38 8 

28 5 

30 2 

38 5 

24 4 

24 6 

38 2 

44 4 

62 8 

per cent of 

II 

20 I 

20 9 

10 2 

24 1 

17 7 

12 3 

22 8 

21 8 

12 25 

total P 

m 

22 9 

16 9 

Ml 

18 8 

17 7 

7 7 

23 2 


10 7 


IV 

18 2 

33 7 

m 

18 6 


55 4 

15 8 

13 1 

14 25 


The total P was 1 75 mg per 1 cc 


when no dyestuff and no cozymase are present In this case a strong 
increase of inorganic P (Fraction I) and no increase of Fraction IV 
takes place, and presence of cozymase without a dye does not change 
this result 

Glucose alone is not attacked m the system studied To be sure, 
we found a slightly higher oxygen consumption on addition of glucose 

varying with the individual horse The actual result may he best stated as fol 
lows in absence of methjlcne blue an increase m inorgamc P with time alwajs 
takes place m presence of methylene blue the inorganic P is approximately con 
stant with time sometimes there is a very small mcrease and sometimes a very 
small decrease as though the breakdown of esters to be expected were approxi 
mately compensated by a synthesis 
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to the mixture of hemolyzed blood and pyocyanine and he\osemono- 
phosphate, also a slight increase in formation of phosphate esters was 
observed But these differences were very close to the experimental 
errors 

In some experiments it was revealed that both di- , and tetra- , 
methylparaphenylene diamine induce oxygen consumption in the 
same way as methylene blue Phosphoglyceric acid and glycero- 
phosphoric acid are not oxidized by hemolyzed cells in the presence of 
pyocyanine, a result which is in agreement with that obtained by 
Runnstrom, Lennerstrand, and Borei (4) with methylene blue as dye 
catalyst 


TABLE V 

2 cc hemob'zed cells with methylene blue -f- 0 3 cc cozymase + 0 IS cc hexose- 
monophosphate with or without urethane (0 2 cc ) 


1 


1 S per cent 

3 per cent 

. 


urethane 

urethane 

Oxygen consumption, c mm per 60 mtn 

228 

214 

■■ 

Decrease, per cent 


6 

1 

■91 


Some Experiments with Inhibitory Substances 

Table V shows an experiment on the influence of urethane on the 
oxygen consumption Even in a concentration of 1 5 per cent ure- 
thane, there is no effect At 3 per cent, however, there is a drop in 
oxygen consumption But even at this concentration urethane did 
not interfere with the synthesis of P compounds The decrease of 
inorgamc P dunng 3 hours was the same as in the control, from 60 to 
44 per cent of the total P which amounted to 1 1 mg per cc 

Addition of neutralized KCN in concentrations that w'ould strongly 
suppress respiration in normal cells did not affect the oxygen consump- 
tion in hemolyzed blood -f methylene blue -f cozymase -f hexose- 
monophosphate For instance in one ex-periment oxygen consump- 
tion was 234 c inm m 90 minutes in the control and 228 on addition 
of n/135 KCN In either case the content of inorganic P was de- 
creased after 3 hours from 64 to about 54 per cent (total P 1 1 mg 
per cc ) 

The effect of lodoacetic acid is quite different according to the par- 
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ticular nature of the system In the system hemolyzed blood + 
hexosemonophosphate + methylene blue, the oxygen consumption is 
scarcely decreased by lodoacetate In a sj stem containing cozymase 
in addition, the increase of oxidation -which should have occurred due 
to the cozymase, does not take place m the presence of lodoacetate 
The phosphate synthesis also, which should occur on addition of 
cozvmase, is annihilated by lodoacetate In the system hemolyzed 
blood + hexosemonophosphate pyocyamne, lodoacetate decreases 
respiration and entirely abolishes ester synthesis The same holds 
true -with hexosediphosphate as a substrate (Tables VH and VIII) 
Sodium sulfite (neutralized) at concentrations of 0 IS to 0 3 m 
decreases, in the pyocyamne system, oxygen consumption by 15-20 
per cent and also decreases the synthesis of esters The effect is much 
less pronounced than with lodoacetate 
CuSOi, at a concentration of 9 X 10-‘ to 1 8 X 10“* M, was tested 
m the methylene blue system It does not decrease the oxygen uptake 
m absence of cozymasc, but, in the presence of cozymase, decreases it 
to 25-30 per cent and prevents entirely the synthesis of phosphate 
esters 


DISCUSSION 

(it) Coticermng the Effect of Pyocyamne — The main result of this 
investigation is the demonstration of the fact that pyocyamne not 
only acts as a catalyst for the oxygen uptake of the system hemolyzed 
cells + hexosephosphate, but also bnngs about the synthesis of phos- 
phate compounds in the system This latter effect, to be sure, is 
distinctly increased by addition of cozymase, but is clearly noticeable 
■without No satisfactory explanation for the specific effect of pyocy- 
amne can be offered as yet It is, however, very suggestive to correl 
ate It -with Its chemical behavior on reduction Whereas methylene 
blue and similar dyes can be reduced only by a bivalent reduction, 
pyocyamne can be reduced by a monovalent or by a bivalent reduction 
rhough onginally this two step o-adation of pyocyamne had been 
demonstrated by Fnedheim and Michaelis (10) only in strongly acid 
solution. Its occurrence m physiological pH range could be later demon 
strated by Michaelis, Hill, and Schubert (11) Here also, both steps of 
reduction are formed, but a considerable overlapping takes place 
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Though no clear insight into the causal connection between the two- 
step reduction and the particular nature of the catalytic effect can be 
ascertained as yet, this property of pyocyanme can be no accidental 


TABLE VI 

2 cc hemolyzed cells with methylene blue with or without lodoacetate At the 
time 0 0 2 cc hexosemonophosphate added with or without cozymase (0 3 cc ) 




— 


Cozymase 

lodoacetate 

0 

0 01 N 

0 02 N 

0 

0 01 N 

0 02 N 

O^gen consumption, c mm per 60 
mm 

154 

140 

146 

228 

151 

146 5 


TABLE VII 


2 cc hemolyzed cells with pyocyanme with or without lodoacetate (0 02 n) 
At the time 0 0 2 cc hexosemonophosphate added with or without cozymase 
(0 3 cc ) 




Cozymase 

— 

Cozymase 

— 


1 lodoacetate 

1 

Oxygen consumption, c mm per 60 mfn 
Decrease, per cent 

135 

193 

I 

65 

52 

65 

66 4 


TABLE Vin 


2 cc hemolyzed cells with pyocyanme with or without lodoacetate At the 
time 0 0 25 cc hexosemonophosphate was added with or without cozymase 
(0 3 cc ) 




lodoacetate 


Cozymase 

Cozymase 



Cozymase 

Duration of experiment, vttn 

0 

180 

180 

180 

P fractions in per 

I 

74 3 

60 5 

74 8 

74 1 

cent of total P 

II 

0 

6 7 

0 5 

2 5 


ni 

3 7 

5 8 

2 8 

7 6 


rv 

22 

27 

21 9 

IS 8 


Total P i\as 1 77 mg per 1 cc 


feature unrelated to its physiological effect For not only certain 
dyestuffs closely related to pyocyanme, especially chlororaphine (12- 
13), and hallachrom (Fnedheim (14)), but also the dyestuffs desig- 
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Dated as “yellow respiration ferment,” (0 Warburg) and flavines or 
lyochromes (Ellinger, and R Kuhn) show the property of two step 
reduction, as recently has been shown by R Kuhn and Wagner- 
Jauregg (IS), and by Barron and Hastings (16) 

It IS worth while emphasuing that KCN does not affect the influence 
of pyocvamne either on respiration or on phosphate synthesis 

(B) Concerning I fie E^cct of lodoaccltc Acid - — ^The point of attack 
for lodoacetic acid can be safety regarded as pnmanly the sulfhydryl 
groups, as has been suggested by Quastel (17), and proven fay Dickens 
(18), and Michaehs and Schubert (19) These latter authors, how- 
ever, pomted out that according to concentration, pH, and other more 
chemical specifiaties, amino groups also are attacked by lodoacetic 
acid With the possibibty of these two modes of action, the effect of 
lodoacetic acid may be different according to circumstances, and 
such a consideration may account for discrepancies reported about the 
effect of the acid Lundsgaard (20) claims that lodoacetic acid eliim 
nates only the formation of lactic acid but has no influence onrespira- 
tion Nilsson, Zeile, and von Euler (21) claim that it decreases res 
piration also Ehrenfest (22) assumed that respiration in the presence 
of lodoacetic acid takes place only at the expense of split products of 
carbohydrates already present As the mode of action of lodoacetic 
acid may depend on concentration and other conditions, we wish to 
emphasize that the effect of the acid in our experiments should not be 
taken as the specific action of this acid in general, but holds for the 
concentration and other conditions prevailmg in our experiment 
The following effects were observed 

1 The respiration mduced by methylene blue was not diminished 
by lodoacetate 

2 In a system contaming methylene blue in addition to cozymase, 
lodoacetate had two effects it cuts down just the increase of respira 
tion otherwise brought about by cozymase, and it prevents the syn- 
thesis of phosphate esters otherwise brought about by cozymase 

The effect of lodoacetate in presence of pyocyanme was twofold 
also (1) it decreases respiration, (2) it abolishes synthesis of phos- 
phate esters To appreciate the first of these two effects, it should be 
recalled that the respiration induced by pyocyanme (without cozy- 
mase) IS not greater than the one induced by methylene blue (without 
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cozymase) Yet the first is decreased by lodoacetate, the latter is 
not But, at any event, phosphate synthesis is always annihilated by 
lodoacetate 

(C) Cojicemtng the Phosphor-Ester Synthests —The above data can 
only sen-e as a first rough onentation concerning the chemical changes 
mvolved m the processes leading to the increase of chemically bound 
phosphates In the system hemolyzed cells + hexosemonophosphate 
+ cozymase + Mb, or hemolyzed cells 4 - buffer + hexosemonophos- 
phate -f pyocyamne, an increase of Fraction II is always found 
From this it may be mferred that adenylpyrophosphate is built up 
But also the Fractioa III increases, indicating perhaps an increase of 
hexosediphosphates In the system hemolyzed cells -)- hexosediphos- 
phate -{- Mb or -f- pyocyamne (Table IV), there is a strong increase 
of Fraction IV, formed by compounds resistant to the hydrolysis in 
N sulfuric acid It is difficult to understand this without assuming the 
breakdown of the hexosediphosphate to three- carbon compounds each 
carrymg two phosphonc acid radicals (cf glycermediphosphonc acid 
found in blood by Greenwald (23) and by Jost (24)) In the system 
hemolyzed cells -f- hexosemonophosphate -f- cozymase -f- pyocyamne 
there is also an increase of Fraction IV A more detailed discussion 
of the chemistry of the changes studied is, however, premature m view 
of the expienmental matenal as yet available 

SUMMARY 

1 The system hemolyzed blood + glucose never exhibits glycolysis 
or, in the air, oxidation of glucose When glucose is replaced by 
hexosephosphate ester, addition of methylene blue causes oxidation 
in air 

2 Vffien cozymase is added also, the oxidation is increased, and a 
synthesis of hexosephosphate esters takes place 

3 When pyocyamne is used instead of methylene blue, the rate of 
oxidation is the same as vnth methylene blue, but a synthesis of phos- 
phate esters takes place ivithout addition of cozymase 

4 There is never a phosphate ester synthesis without oxidation 
going on, but oxidation does not necessarily go hand in hand vith 
phosphate synthesis 

5 In order to couple the oxidation process with phosphate synthesis. 



JOHN RTJNNSTROir AND LEONOR MICHAEUS 


727 


two methods are available either to start oxidation by methylene 
blue and to add coenzyme from yeast cells, or to start oxidation by 
pyocyanme, in which case coenzyme is unnecessary, though it im 
proves the effect 

6 lodoacctate always suppresses sjmthesis, but only under certain 
conditions decreases oxidation Cyanide has no effect upon either 
process 
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I 

With vanous animals differing markedly in structure it has been 
found that the extent of geotropic orientation upon a sloping surface 
IS a function of the inclinahon of the surface Empirically, the con 
nection between angle of oriented progression on the surface (9) and 
the tilt (a) cannot be described by the same equations in the cases of 
forms for which it is clear that the sensorial equivalence of impressed 
muscle tensions on the two sides of the body cannot be achieved in the 
same ways (Crazier and Pmcus, 1926, 1926-27, Crazier and Sber, 
1928-29, Kropp and Crozier, 1928-29, Crozier, 1929), whereas for 
forms dynamically similar m this respect the same formulations do 
apply (cf Wolf, 1926-27, Crazier and Oxnard, 1927-28, Crazier and 
Stier, 1927-28, Crozier, 1934-35) 

It IS of interest to examine from this standpoint the geobopic reac- 
tions of certam echmodenns According to Jager (1932) Astenas 
rubens creeps geobopically upward m such a way that 0 is a funcfaon 
of a, although not in approximate proportion to log sm a as had been 
found for certain other forms (Crazier and Pmcus, 1926-27, Wolf, 
1926-27, Crazier and Sber, 1927-28) At first sight it is perhaps 
difllcult to see why, in the case of a starfish, there should be any defin- 
ite relabonship between 0 and a, in any case, it could not be expected 
to be of the general form obtainmg in rats, caterpillars, slugs, and snails 
unless the gravitabonal pull upon the stomach (gf Wolf, 1925, Parker, 
1922) could he suitably involved, deforming pressures upon the body 
wall would obviously seem to be ruled out in this case, although clearly 
indicated for holothunans (Sber, 1933, Yamanouchi, 1929) 
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II 

Experiments were made with Asiotna gtbbosa of 1 0 to 2 0 cm 
radius According to Kalmus (1929) Astenna is negatively geotropic 
This is comphcated, however, by spontaneous reversals to geopositive 
creeping which may persist for some time At any time it is possible 
to induce reversal of the predominant mode of response by mechanical 
stimulation, as by handimg, removmg bnefly from the water, or by 
stirring of the water Corresponding reversal to geonegative creeping 
can be brought about in a sirmlar way during a “spontaneous” phase 
of positive geotropism Such reversals due to handling are temporary 



Fig 1 Specimen trails of Aslcrim upon surfaces of different slopes (a = 35°, 
48°, 80°, 90°), illustrating points discussed in the text 


A sea-star vas placed upon a glass plate subsequently tilted under 
v ater to a desired slope The under surface of the plate was ruled 
vith a diamond pomt into a coordinate gnd The path followed by 
an Aslcnna could then be copied accurately upon ruled paper, and 
the angles made by the path measured Observations were made in 
weak diffuse light Kalmus (1929) says that young Astenna are posi- 
tively phototropic, “adults” negative The individuals used in these 
experiments were found not to be phototropic at all, at least after 24 
hours in the laborator}', upon horizontal or vertical surfaces the direc- 
tion of mo\cment was not influenced by light The temperature 
\aned between 17 8° and 20 5° Tjpical trails are gi\en in Fig 1 
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Detailed measurements were made with six individuals At two 
slopes of surface creeping was studied on the under side of the plate 

In general character the trails secured are similar to those obtamed 
with other geotropic animals (cf Crozier and Pincus, 1926-27, Crazier 
and Stier, 1927-28, 1928-29) Upward (or downward) turning of the 
path upon an inclined plane is continued until a rather defimte angle 
of progression is attamed, m some cases the turning, due in this m- 
stance perhaps to the phenomena of “persistence” or of “contmued 
rotation of direction” seen m sea stars, may be continued so far that, 
as with other forms, the path lies in a sector on the plane within which 
the path is not specifically oriented This can be tested by tummg 
the creepmg plate through 90°, and observing the subsequent course 
of onentation There is usually a definite elongation of the body in 
the direction of movement There is no detectable tendency for the 
tip of one ray to be in advance, usually an inter radius lies in the direc- 
tion of steady creeping There is no evidence that the region of the 
madrepore tends to be ahead 

Measurements of orientation angles are collected in Table I 5 in 
creases with increase of a At low slopes, the scatter of B is greater, 
10 or more paths were measured for each average When the speed 
of movement is higher, at fixed <r, S tends to be somewhat greater 

m 

The relationship between e and a is roughly of the type encountered 
in tests with a number of other forms, in that the curve is convex 
upward But liS/A log sin a and dff/d sin a each increase as a is made 
greater, sin S vs 1/sm a is concave None of the equations empin- 
cally justified with other forms fits the onentation data from Aslertna 
This IS of interest, since the basis for a theory of the dependence of 
e upon a would also appear to be qmte different, and grows out of the 
following considerations 

The speed of progression of Aslertna is \anable, but under compa- 
rable circumstances it is also a function of the slope of the surface, 
increasing at higher slopes On a horizontal surface, at 20°C , creep 
mg was at the rate of 1 cm in 40 0 zt 4 1 seconds, upon a vertical sur 
face, 1 cm in 23 7 ±55 seconds 

Ralmus (1929) made one experiment m which a cork float was at 
tached by a thread to the dorsal side of Aslertna He found that in 
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consequence of the upward pull, the sea-star moved dovmward upon a 
vertical surface, m agreement with the effect upon a turntable This 
we have repeated A fragment of cork is attached at one end of a 
thread 2 or 3 inches long, the other end sewn through the dorsum of an 
Astenna The volume of cork is adjusted to give about the maximum 
pull supportable, under water, by a few of the tube feet On a surface 

TABLE I 


Mean onentation angles (ff) for Astenna gtbbosa as a function of slope of surface 
(angle a) 


a 

e 

decrees 

decrees 

30 

32 5 ± 1 6 


24 7 rfc 4 9 

35 

28 3 ± 2 5 

40 

42 S ± 3 6 


38 8 ± 4 1 


27 0 ± 2 7 


36 2 ± 2 2 

45‘ 

45 0 dr 2 5 

46 

37 3 dr 4 4 

48 

47 1 dr 1 4 

50 

42 8 dr 4 1 

57 

53 0 dr 2 5 

60 

57 8 dr 2 3 

63 

57 5 dr 4 0 

70 

60 0 dr 2 3 

73 

75 3 dr 2 1 

75* 

70 0 dr 1 5 

SO 

72 9 Az 2 1 

S5 

70 0 dr 2 5 

90 

87 0 dr 1 8 


SO 6 dr 1 4 


* Creeping on under side of glass plate 


inclined at a = 70°, the animal goes slonly domiivard, a.t 0 ~ 90°, 
this IS also true at a = 30° or lover Repeated reversals of the in- 
clination of the plate are follov ed by prompt and precise dovm v ard 
moxement When the upvard pull is stopped, by holding the cork, 
moiemcnt continues downvard for about 1 rmnute or so, but much 
more rapidl}", then the animal onents upvard through an arc, and at 
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an appropnate 0, if the upward pull is restored, downward movement 
IS immediate If the puU is made to act honzontallj , by passmg the 
thread over a rod, the Aslerina creeps horizontally toward the other 
side In these respects the direction of movement is controlled pre 
cisely as in the case of a gasteropod (Crazier and Navez, 1930) In 
relation to the question of the connection between 6 and a the demon- 
stration can be made more illummatmg by usmg smaller cork floats, 
giving a lesser upward pull Upon surfaces of intermediate slope 
(eg , 55°) the Astenm then creeps downward, but at 0 < 90°, if the 
pull of the float be removed, it orients upward, but at a higher 6 
than on the downward path It was pointed out before that in down- 
ward and in upward progression on the sloping surface (without the 
attached cork) 6 is the same The effect of the attached float is the 
same when the sea star is creeping upon the under surface of the plate, 
m this case the direction of pull is m the plane of the surface 

The direction and the magnitude of the tension exerted upon the 
tube feet thus appear to be unquestionably responsible for the direc- 
tion and for the limitation of the extent of gravitationaBy mduced 
orientation under these conditions The "spontaneous” reversals of 
orientation, and the reversal to positive geotropism seen after me 
chanical disturbance, present a problem of a different order, presum 
ably there must be involved a central nervous reversal of sensory 
effects similar to that concerned m the reversal of galvanotropism 
(Crozier, 1930) in sea stars and other echmoderms 

IV 

In view of these facts it is necessary to consider that upward onen 
tation involves movement in the direction away from a lateral pull 
In Fig 2 the grantational component acting laterally to the Aslenna’s 
path IS labelled AT, that in the Ime of movement M We have to sup- 
pose that when the fraction of the total pull parallel to the surface 
(11^ sin a) which corresponds to JII reaches a certain value as result of 
orientation, the laterally acting component (lY) is without further 
mfluence, this merely corresponds to the fact that there is a threshold 
slope of surface for orientation It is further to be supposed that 
when a IS vaned the limiting fraction [il/W sm a) will be a function 
of 11'' sm or, and presumably directly proportional to it, smee the 
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orientation angles are the same for Astenna of different sizes, W, the 
weight of the animal, may be ignored It cannot be supposed that 
component N' has merely to be reduced to a certain minimum or 
threshold value, is measured by iV = sin a cos 0, and is neither con- 
stant at orientation nor a simple function of sm a ‘ We then v ntc 
A (M/sm a) /A sm a = cojisl as giving a reasonable statement of ev 
pectation concemmg the geotropic performance of Aslcnna Since 

^ sin 6 

(Fig 2) M/sm a = sm 6, we have = const as the formulation 

A sin a 



Fig 2 The efifecUve gravitational pull F upon an Astenjm on a surface 
inclined at angle a is resolvable into tno components M, in the hne of progres- 
sion at angle 0, and iV acting laterallj’- to bring about further onentation until, 
as discussed in the text, M/F acquires a magnitude proportional to F 

it IS expected should be follotsed Fig 3 shows that the equation is 
\ cr>’^ nicely obeyed At low slopes 0 is m small samples more vanablc 
{cf Table I) than at high slopes, as is the general rule (Crozier and 
Pincus, 1926-27, Crozier, 1934-35, etc), and the points in Fig 3 
consequently spread less and less widely as sin a increases 
In Jager’s data (1932) for Asfcrias rnhens the same rule applies 

^ CJ Crozier, 1934-35 \on Buddenbrock (1931) and Jager (1932) tool 
sin a cos a as the sine of the angle of tilt or of the transverse axis of the onented 
animal The former argued that this latter angle tended to be made constant in 
eeattopic progression, vhich is not correct Xeilher noUced its significance as a 
force \ector 
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accurately if one supposes, as I believe one must, that at « = 30° the 
group of e s above 65° represents paths m the zone (wife supra) of no 
onentation Jager’s Fig 22) This is shown in Fig 4 



Fig 3 Showing that A sm 0/a sm a is constant for Astmna The scatter 
of mean 6 s is progressively greater at lower values of an o Data in Table I 


This interpretation might be tested if the animal could be con- 
verted into one with bilateral syimnetry Mangold (1909) noted 
that single arms of Asicnna creep upward upon an inclined surface 
By cutting off four of the e rays and a stnp of the disc connecting 
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them, one has a preparation m which most of the remaining tube feet 
are upon the intact ray After a day such a preparation creeps well, 
all the tube feet functioning actively It usually creeps with the tip 
of the ray foremost, and in the line of the axis of the ray This is 
most often observed, however, if it is upon a steeply inclined surface, 
and is mdeed then the predominant condition After effects of han- 
dling have disappeared, it orients upward from an initially horizontal 
path, and creeps upward with the tip of the ray m advance, the course 
traced by the oral opening is in line with the axis of the ray, except 
for brief intervals If the plate be reversed, onentation is reversed 
promptly Orientation usually involves actual bending of the ray 



Fig 4 A similar relationship may hold for the geotropic orientation of Asicnas, 
based on the data of Jager (1932), the measurements at a = 30° being corrected 
as explained in the text 

Occasionally the path swerves to a steeper &, and the rotation continues 
until the corresponding 0 on the other side of the vertical mid-luie is 
reached In positively geotropic creeping following handling the 
orientation of the ray is sometimes lost, but tends to be regained, the 
loss of director action by the ray appears when the path is at about 
e — 90° and the animal is creeping rapidly This is the mode of orien- 
tation to be expected if the axis of progression is definitely polanzcd 
and if the pull upon the tube feet is to be adjusted in the way here 
assumed by the attainment of a path at angle 0 which is a function of 
the slope of the surface The e's observ'ed w ith the single-ray prepara- 
tion were generally lower than with the intact Aslcntta, this may be 
due to a lowenng of the threshold for response to tension 
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smaiARY 

Upon a surface inclined at angle a Asieniia gibbosa orients upward 
during negatively gcotropic creeping until the average angle (0) of 
the path is such that A sin fl/A sin a =s= const This is true also in 
positively geotropic movement The direction of onentation may be 
temporanly reversed by mechanical disturbance The vanation of 0 
IS greater at low slopes Tests with directed impressed pulls, due 
to an attached cork float, show that the pull upon the tube feet is of 
primary consequence for the determination of 6 When the compon- 
ent of gravitational pull in the direction of movement reaches a frac- 
tion of the total pull which is proportional to the gravitational vector 
parallel to the surface, the laterally acting component is ineffective 
On this basis, it follows that A sm 9/A sin a = const 
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I 

The normally negative geotropism of Aslenna gibhosa (Loeb, 1900, 
Mangold, 1909, Kahnus, 1929, Crozier, 1934-35) can be temporarily 
reversed to positive by mecharacal stimulation due to handbng, or 
stirrmg of the water (Crozier, 1934-35) The negative geotropism is 
unquestionably a response to tension upon the tube feet (Crozier, 
1934-35) , the sea star can be forced to creep persistently downward 
by attachmg to its dorsum a cork float, and the relation between angle 
of oriented movement and slope of surface is quanbtatively descnbed 
on the basis of this view It was suggested that the reversal of geo 
tropism followmg mechanical disturbance imght be understood as an 
mstance comparable to those m which “reversal of inhibition" brmgs 
about inversion of galvanotropism in echmoderms (Crozier, 1930) and 
certain other forms (Crozier, 1926-27) 

This interpretation is tested by observing the geotropic performance 
of Aslcrina under the influence of strychnine, with and without cork 
floats attached This particular test is necessary because m absence 
of a result with the added tension due to the float it could not be told 
whether one had to do merely with an effect of the strychnine in 
simply makmg the animal more sensitive to mechanical (tension) 
excitation 

In considermg the effect of a drug (or other altered condition) upon 
an element of behavior it is necessary to keep it in imnd that the influ- 
ence of the reagent has a characteristic time course It is only the 
question of reversal of geotropism which is of interest here, not the 
mode of action of the drug, but the time course vanes with the con- 
centration of strychnme and with the size of the Aslenna The mter 
739 



740 


11E\TERSAL OF GEOTROPISSI IK ASTERIKA 


val of developing strycbnimzation within winch it is possible to look 
for the evidence required is rather sharply limited On the one hand, 
sufficient development of the effect of str 3 'chnine must be attained, 
on the other, the tests must be made before strychnmization has ad- 
vanced so far that the tube feet no longer attach to a substratum 
Sea-stars placed m dilute solutions of strychnine sulfate charactens- 
tically show dorsal flexure of the rays, with failure of attachment of 
the tube feet (Moore, 1918-19, 1919-20, Crozier, 1930), particularly 
when stimulated This represents a reversal of the typical response 
The galvanotropic onentation of the rays is with the oral surface to- 
w ard the cathode, the rays being extended tow^ard the cathode The 
tube feet extend toward the anode, and creepmg is in this direction 
Under the influence of str^Thiune all this is quite reversed (Crozier, 
1930) The effect of pilocarpine is similar, but not so pronounced 
The reversal of galvanotropic response is accompanied by reversal of 
reaction to mechanical stimulation Similar results hold for other 
forms (Crozier, 1926-27, Fries, 1927-28, Clarke and Wolf, 1932-33), 
and have been interpreted in terms of reversal of inhibition under 
stiy'chnme 


n 

Aslcn7ia in dilute strychnine sulfate reach a state in which the tube 
feet release attachment as result of application of even a slight touch 
or pressure, the rays and disc curve dorsally Before this stage the 
tube feet may be caused to attach to a glass plate, although veiy 
slowly They are then found to be positively geotropic, although 
progression is slow Small ware hooks caught on the dorsum produce 
no change in the direction of creeping, despite the added weight 
There is no reversal to negative gcotropism as result of handling If 
slightly more deepl}’- under the influence of strychnine, such reversal 
to upward rao\ement (temporanly) may be obtained by stirring the 
water with a glass rod In some cases upward and dowmw'ard move- 
ments alternate “spontaneously” for a short while WTien emerging 
from stiw chnimzation, there is a period in which the now once more 
gconegatne Asknna is ^er> casil> caused to become positncly geo- 
tropic b\ agitation of the water 
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The reversal to positive geotropism under the action of strychnine 
might be regarded as simply tlie result of “increasing irntabihty ” 
But a small cork float may be attached to the hook m an Aslenna s 
disc while creeping geopositively after being exposed to strychnine 
The size of the cork is adjusted to give a moderate upward pull despite 
the weight of the hook Without strychnine, or in an inappropnate 
phase of the action of the drug, the pull of the float leads to downward 
creeping (Crazier, 1934-35) It now results, however, in upward 
movement Depressing the cork, or cutting the thread which holds 
it, leads to downward movement once more 

in 

There is thus a stage in the strychnimzation of Aslenna dunng 
which the usual negative geotropism is reversed The effect of an 
upward pull is also reversed This accompames reversal of response 
to touch, and must be regarded as mvolvmg reversal of inhibition 
The effect of tension on the field of tube feet is normally to produce an 
onentation agamst the pull, no matter how strong it may be up to the 
pomt where the tube feet can no longer mamtain attachment Under 
strychnine this response is reversed Consequently the reversal can- 
not be regarded as due merely to an intensification of the sensory 
effect of tension, but must be interpreted as due to a true reversal of 
inhibition m the coordination of effector movements, comparable to 
reversal of galvanotropism (Crozier, 1926-27, 1930) The temporary 
reversal of geotropism normally resultmg after mechamcal stimulation, 
which is a phenomenon seen in other forms also (c g , Fraenkel, 1929), 
must be understood in the same way 

SUMMARY 

A certain level of strychnimzation induces in Aslenna reversal of 
geotropism from the normally geonegative movement to a persistent 
downward creepmg The effect of an attached float producing up- 
ward pull IS to induce upward creeping, under these conditions, 
whereas normally it leads to downward movement This reversal 
cannot be regarded as due to a mere intensification of the sensory 
effect of tension It must he understood as representing a true re- 
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versal of inhibition The temporary reversal of geotropism follovang 
mechanical disturbances (m the absence of strychnme) is interpreted 
in the same way. 
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ORIENTATION BY OPPOSED BEAMS OF LIGHT 


Bv W I CROZIER AND BENJAMIN KROPP 
(From ike Laboratory oj General Physiology, Harvard University Cambridge) 

(Accepted for publication July 24, 1934) 

I 

From the elementarv postulate that m phototropic onentation the 
turning movements cease when exatation is made sensibly equivalent 
upon the two sides of a symmetrical orgamsm, equations have been 
derived (Crozier, 192S-28, Mitchell and Crozier, 1927-28) which 
descnbe properties of the onented position under the influence of two 
sources of light With a movmg organism the situation is most 
susceptible to useful analysis when beams of parallel rays are con 
cerned (Mitchell and Crozier, 1927-28), since then an onented position 
IS assumed m defiiute relationship to the axes of the beams With 
beams opposed at 180°, 

Uufl = (ootH/2)^A^ (1) 

Ui + h) 

where mtensity h > Tj and, for a negatively phototropic animal, 0 
IS the angle of onentation away from A, the angle E, loosely termed a 
“head angle,” is the average effective angle between the bilaterally 
disposed photoreceptive surfaces (Crozier, 192S-28) The magm 
tude of B must be expected to change if the amplitude of side to 
side movements of the antenor end of the body, or if the random or 
periodic frequency of such movements, depends upon the illumination 
or other conditions (e g , temperature, or concurrent geotropic exata 
tion) , It need not correspond to any obvious feature of the structure 
of the organism (Crozier, 1925-28) 

It was pointed out that certain interesting compansons might be 
made by contrasting values of H obtained from measurements of 
0 with two beams of hght directly opposed with smular data secured 
when the beams cross more acutely, say at 90° For the latter case, 
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Ji tan H Ii 
h tan H li 


( 2 ) 


{cj jMitchell and Crozier, 1927-28) If H were strictly constant, it 
should appear nearly identical for the two cases (unless complicated 
by effects of refraction) 

Experiments were made with larval blow flies of two species, Calli- 
pJiora erytJirocephala, 4 days after emergence and 7 nun to 9 nun in 


TABLE I 


jMean angles of orientation for larvae of CaUiphora under the influence of tn o 
beams of hght crossing at 90° Tno series of measurements, si\ larvae used in 
each series, six observations on each larva at each mtensity 


li 

A 

e 

n 

Mean 

a 

mm 

milhlamberti 

mtllilamberls 






3781 

3560 



rnBm 

57 5” 



3260 

59 56 



58 3 



3008 

64 98 


0 15 

55 3 



2752 

69 47 


0 OS 

51 9 


1 

2207 

80 33 


0 25 

49 3 



1910 

86 16 


0 13 

50 5 



1801 

88 85 


0 13 

49 5 



' 1621 

89 22 


0 13 

45 3 


3897 

3599 

51 22” 


0 93” 

49 4“ 



3210 

58 74 


1 4 

46 7 



2995 

65 06 


1 3 

50 4 



2599 

72 21 


1 2 

47 5 



2151 

79 81 


1 1 

44 9 



1S9S 

86 92 


0 45 

47 9 



1755 

87 95 


0 32 

45 7 



1609 

89 03 


0 20 

43 4 



length, and a species of Lucilha of the same age but 6 mm to 8 mm 
in length The first v,as used by Patten (1914) , for larvae of the sue 
he emploNcd, 77 = 85° under the particular conditions of excitation 
(Crozier, 1925-28) We used smaller lar\ ae, our chief point being to 
compare \aluts of 77 vith lights opposed and crossing at 90°, and to 
compare \ alucs of 77 for tn o morphoiogicall\ different lar\ ac Lar\ ae 
of Lucilha are more sharpl} pointed at the anterior end Wc cx- 
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amined the onentation both with beams opposed at 180° and crossmg 
at 90° The computed values of H need not be eiqiected to be the 
same for the two situations, smce if the photoreceptors are located 
beneath the surface of the larva the refraction of madent light will 
differ sigmffcantly It was expected that variation m B might be 
correlated with mtensity of illimunation, or with 6 



e 

Fic 1 

From two similar electnc bulbs, within housings, light was allowed 
to fall upon a square platform on which the larvae crept Trails 
were recorded by plaang a drop of methylene blue at the posterior 
end of the maggot The hghts were mounted upon tracks of an opti 
cal bench, m a senes of measurements one lamp was moved to differ- 
ent distances from the observation platform The sources of light 
were shghtly above the level of this platform, to obviate shading of 
the larva’s anterior end at higher angles of orientation At the po 
sition occupied by a larva the illuminabons from the two sources 
were measured with a Macbeth lUurmnometer The shape of the 
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larva changes during its development, in a way which presumabl}'- 
affects consequently no exact agreement could be expected be- 
tween successive series of determinations The values of 6 were 
read from the trails, to the nearest half degree 

TABLE II 


Orientation angles for Calhphora larvae of siae corresponding to those used in 
Table I, but with beams of hgbt directly opposed, five larvae, slx readings on each 


/l 

It 

1 

e 

a 

Mean 

PE 

millthmberls 

tntUtlamberls 




3972 

3765 

' 3 45“ zfc 0 31“ 1 

60 9° 


3107 

8 11 

0 65 

81 4 


2777 

12 00 

0 73 

80 1 


2474 

17 35 

0 73 

73 6 


2001 

26 21 

0 85 

j 67 7 


1763 

35 42 

0 56 

1 57 0 


1407 

1 38 51 

1 1 

62 1 


1100 

1 43 60 

0 67 

60 8 


TABLE IH 


Orientation angles for LuciUta larvae, %\itli beams of fight crossing at 90°, five 
larvae, sue readmgs on each 


n ! 

1 

It 

0 

11 

Mean 

[ PE 

rMlhhmberts 

miUihr-lta'ts 




3019 

2960 

45 7“ ± 0 52“ 1 

21 2“ 


2443 

53 6 

0 73 

20 7 


2279 

56 4 

0 65 

20 7 


2098 

59 7 

0 54 

' 21 I 


1580 

69 3 

0 6-1 

20 6 


1076 

78 8 

1 06 

18 1 


718 

86 4 

0 53 

20 1 


602 

87 8 

0 39 

18 I 


555 

88 4 

0 30 

17 8 


II 

With CalhpJora larvae tvo series of measurements were made 
(Table I) vnth light beams crossing at 90’ In each senes there is a 
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definite dedine of H as 0 increases (Fig 1) , that is, as the total illu- 
mination (/i -h h) declines This may be due to the fact that chance 
movements, espeaally toward the less mtense hght, are more frequent 
This does not appear in the vanabihty of the onentation angle 0, 
since the error in 0 is perhaps chiefly in the mechamcs of its measure 
ment, with a wider range of intensities of lUummation (cf Crozier, 
1925-28), P E , and B might each be expected to go through a maxi- 
mum In the second senes, with shghtly younger larvae, B is con 
sistently smaller than m the first set, and PE, larger At high 
magnitudes of 0, however, B tends to agree 
A third senes of observations employed hghts directly opposed 
(Table n) Here agam B dechnes as 0 mcreases, the values are 
consistently above those in Table I (ef Fig 1) 

The antenor end of the larva of LuctlUa is much more sharply 
pointed than is that of Calhphora larvae of the ages used This need 
not be taken to imply that the effective inclination of the photorecep- 
tive surfaces (of the imagmal discs?) is correspondingly acute, and no 
measurements were made of the character of the side to side move- 
ments of the antenor end m creeping, which could affect the computed 
magmtudes of B Tests were made of onentation with beams of 
hght crossmg at 90“ The results are contamcd m Table HI B 
agam dechnes as 0 increases (or as If, -p /,) decreases (Fig 1)) With 
the more sharply pointed Ltialha larvae the magmtudes of B are less 
than half as great as with Calhphora, it docs not seem probable that 
this contrast can be due entirely to differences in frequency or extent 
of random movements of the antenor end, it must rather be ascnbed 
to a real difference m the angular inclination of the receptive surfaces 
m the larvae of the two speaes 

in 

SDMMARV 

Computations of the effective angular mclination (H) of the photo- 
receptive surfaces of the two sides, based upon measurements of onen 
tation angles under the action of beams of hght directly opposed or 
crossmg at nght angles, show that with larvae of Calhphora and of 
Lualha B declines as the total illumination decreases (i c , as the 
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angle of orientation away from the more intense light increases) 
E IS greater with the two hghts opposed at 180°, this may be due to 
the difference m refraction For the more sharply pointed larvae of 
L^icilha, E IS less than half as great as m CaUiphora 
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ELECTROPHORESIS OF STEROLS 
n Ergosterol 
B v LAURENCE S MOYER 

(From the Dmsion of AgncuUurai Biochemistry The l/mversity of Minnesota, 
St Paul) 

(Accepted for publication, August 21, 1934) 

Although such a large literature on the electrophoretic behavior of 
cell surfaces exists (1), our knowledge of the f potentials of many of 
the important constituents of these interfaces is meager Partly for 
this reason, attempts to identify surface components from the clec- 
trokmetic properties of living cells have met with diflSculty These 
uncertainties have to a large extent been removed by the numerous 
investigations now available on protem systems (1, 2) Among the 
lipids, however, only lecithin and cholesterol have been mvestigated 
to any extent (3) The previous work on cholesterol has been sum- 
marized in an earlier paper (4) Partly as a companson and partly 
because of its own importance in cell activipes, it was decided to 
investigate ergosterol from an electrokmetic standpoint 

Methods 

Ergosterol of a high degree of punty was secured from Dr Charles 
E Bills This contained (m addition to the one molecule of water of 
crystallization) about 4 per cent of a-dihydroergosterol (S) Due to 
the limited quantity available further punficabon was not attempted 
The material consisted of snow white crystals and showed no signs of 
bemg contaminated with oxidation products While m our posses 
Sion it was always stored at 0°C m the dark. To prepare suspensions 
the method used for cholesterol (4) was employed This consisted in 
gnnding the sample for an hour with pure ice in an agate mortar at 
— 10°C The resultant powder was kept in the dark at — lO'C until 
needed No changes were noted on storage at this temperature 

• National Research Fellow m Botany 
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This pulverized sterol wheii dissolved in chloroform exhibited the 
charactenstic red to blue reaction of ergosterol with tnchloracetic 
acid (6) With mercunc acetate m nitnc acid the color change was 
from transient red to yellow This is mdicative that the material 
was not changed or oxidized b}’’ the treatments employed to produce 
suspensions (7) As needed, suspensions of the powdered material 
were made m distilled water Acetate buffers of constant ionic 
strength (p = 1/150) were used A modified Northrop-Kunitz 
microelectrophoresis apparatus was employed in the determination of 
mobihties The rest of the techmque concermng buffer preparation, 
electrophoresis, quinh3-drone pH measurement, etc , is descnbed in 
pre\nous papers (4, 8, 9) FoUowmg the suggestion of Abramson 
(1), temperatures were corrected b\’- multipl3’’ing the velocities at the 
temperature t bv* the fraction where tj is the viscosity of water 

at / and 25° 


EXPERIMENTAL 

The experimental results are shown in Fig 1 It was found that 
ergosterol becomes isoelectnc at pH 3 1 instead of pH 3 2, as previously 
found for cholesterol (4) The material was also more vanable in its 
beha\nor As before reversal in sign was noted but not to an3' great 
extent The smooth line runnmg through the points is the cuix’^c 
fitted b3 the use of Langmuir’s adsorption equation to the data for 
cJ oJcsfcrol The excellent agreement between the two sets of data 
shows that within the limits of experimental error the tvo sterols are 
identical m electrophoretic beha\nor The extrapolated dash line is 
mereh’ to indicate sign re\ersal 

Several explanations might be advanced to account for this simi- 
lant3' (1) the presence of an amphohde as an impurit3’’ common to 
both, (2) the occurrence of sufficient ergosterol as a natural con- 
taminant of the cholesterol (3) a slight dissociation of OH~ ions from 
each sterol (4) preferential adsorption of H"^ or OH~ ions The first 
pos5ibiIit3 seems to be excluded upon consideration of the high melting 
points of the cholesterol preparations and the extensne punficator} 
treatments vhich thev reccned f4) As shown bx Rosenheim and 
Webster '10) and others ergosterol occurs naturall3 in preparations 
of cho^esdrol Two factors militate against the possibiIit3 of ergos- 
tcrol causing the t-potential of cholesterol, fl) the small quantities 
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reported — amounting to less than 1 part per thousand of cholesterol 
(10, 11) and (2) the method of preparing the suspension by crushmg 
which gives no chance for the ergosterol to leave the crystal and coat 
the surface Further experiments were undertaken to test this as 
sumption 

Cholesterol from spinal cords of cattle which had been carefully 
purified by saponification (4) was also refluxed with nont after the 
procedure of Rosenheim and Webster (10) After filtration, the color- 
less alcoholic solution was allowed to crystallize (m p 148 5-149° 
coit), vacuum-dned, and made mto a suspension by gnndmg No 
changes in veloaty or isoelectnc point were found Although Bills, 



Fig 1 Electrophoretic mobility of ergosterol The circles are the expen 
mental pomts for ergosterol, the smooth curve is the tbeoreUcal curve for cho 
lestcroh 

Honeywell, and MacNair (11) have shoivn that this procedure does 
not remove every trace of ergosterol, a change in behavior would be 
expected if ergosterol were the causatuc agent Furthermore, the 
Rosenheim and Callow (7) tnchloracctic acid test for ergosterol was 
negative with all of the author’s preparations of cholesterol 
Both sterols have a single OH radical The possibility of ioniza- 
tion as a base at this group to the extent needed to produce charge 
reversal seems slight Incidentally, Remesow (12) has found that 
particles of the cholesterol esters of stearic, oleic, and palmitic acids 
are negative at all pH values 

The fact that the two sets of data arc both fitted b> the same 
Langmuir equation (4) 
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a /? [OH] 

1 + a [OHl 


( 1 ) 


(where a = 8 14 X 10^, /3 = 1 57, and V is the velocity in fz/sec /volt/ 
cm ), which has also been employed with success by Abramson and 
Muller (13) and Abramson (1) in their studies of the charge of “inert” 
surfaces, is evidence for preferential adsorption of H+ or OH~ ions, 
as the basis of the reaction 

Such adsoiption would tend to change a, the effective surface charge 
per unit area By the use of the Gouy and Helmholtz equations (4, 
13, 14) it can be shown that if a, the reciprocal of the effective thick- 
ness of the double layer, remains constant and r ^ 1 (where r is 
the radius of the particle), cr becomes directly proportional to V for 
small values of V Hence V can be used in equation (1) instead of 
cr ^ Activities should more properly be used in this equation instead 
of “concentrations” but since uncertainty still exists concernmg the 
correct value for the calomel electrode (Eo) and the liquid junction 
potential (Ed) involved in pH measurement (15), both the experi- 
mental points and the theoretical curve in Fig 1 are expressed in 
terms of the Sorensen standards proposed by Clark (16), with the 
assumption that pOH = — logioCoH If a value of Eo which will give 
paH. = — logioan*- (so that the values of Uh* wiH nearly equal values 
of the mean ionic activity of the acetic acid in the solution) is finally 
agreed upon, the value for in equation (1) will remain the same and 
the only change necessary to replace pH by ptxH in Fig 1 will be a 
slight shift of the abscissa to the left for a distance of about 0 04 pH 
unit The Cqh is used instead of the Cn simply for convenience 
As stated before, the isoelectric point was not included in the calcula- 
tions but the extrapolated curv^e ran through it 

The mere fact that the Langmuir equation fits one set of data does 
not pro\e an adsorption mechanism but the goodness of fit for hol/i 
of these different crystals seems to strengthen the evidence It seems 
significant that Abramson (17) has found that the levorotary forms of 
the insoluble ammo acids, cxstine, tjTosinc, and aspartic acid, all 
rexerse their sign of charge between pH 2 3 and 2 5 The present 

' This can onU be done if the error introduced b> substituting /(I ) for sinh 

) 15 ncgligib’e 



LAURENCE S MOYER 


753 


commumcation should be of interest m the analysis of the surfaces of 
latex particles (8, 9, 18) 


SUMMARY 

The electrophoretic behavior of powdered ergosterol crystals is 
identical with that previously found for cholesterol within the limits 
of experimental error Evidence for an adsorption hypothesis is 
presented to explam this phenomenon 

The author is indebted to Dr Charles E Bills and Prof William 
Seifnz for their kindness in supplying the ergosterol used in these 
investigations and to Prof R A Gortner for his encouragement and 
helpful suggestions 
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ON THE RELATION OF DIRECT CURRENTS TO 
CONDENSER DISCHARGES AS STIMULI 

By H A. BLAIR 

{From the Department oj Physiology, The School oj Medicine and Dentistry of The 
University of Rochester, Rochester, Ph P) 

(Accepted for publication, September 1, 1934) 

The great di£5culty of determinmg from direct observation the na- 
ture of the structures and constituents concerned in the exatatory 
process m tissue compared to the relatively great ease vrith which the 
time mtensity relations for electrical stimuh may be measured makes 
It necessary that a knowledge of the mechanism he deduced from a 
mathematical analysis of the latter observations 
It IS essential that any useful mathematical analysis of the excitatory 
process should predict equations for the time intensity relations for 
difierent types of stimuli which are mutually consistent, so that the 
constants appearmg in the excitation equations for one type should 
also appear in the equations for another type apphed to the same bssue 
during the same experiment It is the present purpose to discuss the 
results of experiments in which the time mtensity curves for both 
direct currents and condenser discharges were obtamed m succession 
on the sciatic gastrocnemius preparations of the frog so that the tissue 
remained in approximately the same condition throughout 
It was shown previously (1932 a, b, c, d, 1934) that solutions of the 
differential equation, 

~ -KV-lp (1) 

where p is the local excitatory process, V the stimulating voltage or 
current, and K and k are constants, very adequately represent time- 
intensity curves obtained by different experimenters on different 
tissues For direct current stimuh the solution is, 

V 

V - R 
7SS 


log 


- il + C 


( 2 ) 
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where C is a constant and R the rheobase For condenser stimuli the 
solution IS 


r — - — 

- = (3) 

where c and r are the capacity of the condenser and the resistance of 
the circuit respectively 

These equations must represent adequately not only their proper 
data but it is further required as an assurance of their validity tliat 
the constant k shall be the same whether it is evaluated from direct 
current data or from condenser data on the same tissue at the same 
time A^^ien this point was considered previously (1932 b) onlj*- one 
set of data by Lapicque was available and the agreement in that case 
was sufficiently good The present data were obtained to test further 
tlie same type of agreement 

Apparatus and Method 

The direct current stunub iiere obtained from an arrangement consisting 
essentially of a hard rubber disc attached to a hcav>' brass disc for rigidity In 
the face of tlie rubber disc whose diameter is about 12 mches is set a brass wedge 
with its base toward the centre and its point toward the peripherj of the wheel 
This wedge extends from close to the hub of the disc to its outer edge Its base 
IS about three-fourths inches m width The wheel is set on a shaft so that it can 
be dri%cn b> a synchronous motor at about 800 R P u The disc containmg its 
brass wedge is mounted and ground m such a way that its face rotates with no 
greater wobble than 0 001 inch Set on a screw carnage to enable its moxement 
to and from the centre of the wheel is a pair of brushes of lubricated carbon, the 
one abo\e and separated from the other The brushes are earned in close fitting 
slots and are held against the wheel b> means of coil springs which also act as 
electrical contacts -\s the disc is turned both the brushes are m contact with the 
brass wedge for a duraUon dependmg on the posiUon of the carnage WTien the 
carnage is near the centre the wedge is wide and its bnear velocity is low so that 
the duration of contact is long Toward the penpherv of the disc the opposite 
IS true The displacement of the brush carnage required to alter the duration 
from 0 0001 to 0 001 second is about 40 mm , from 0 001 to 0 002 second about 
20 mm , from 0 to 0 0001 second about 10 mm , so that in all the scale up to 0 002 
second is about 7 cm long and accurate setting is comparatively easv The 
machine mav be calibrated cither staticallv, bv measuring the angle through 
V h'ch the brushes remain on the brass and calculating the time from the speed 
of rotat'on or, bv neasanng the current registered on a direct current meter v hen 
ibe circuit is closed and the wheel rotating continuously In the latter case the 
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ratio of the current when the wheel is going to that when it is stopped with the 
brushes on the brass gives the tune of contact directly when the number of contacts 
per second is known 

Smee a high voltage, tern excess of 100 is required to ensure neghgible re- 
sistance at the brass to carbon contact 180 volts was used throughout with a 
senes resistance of about 200,000 ohms The stimulus was den\ ed from a variable 
non mducUve resistance m the circuit acting as a potentiometer A sunilar re 
sistance m senes was used as a compensator to keep the whole resistance constant 
The machine when operatmg continuously gives about fifteen stimuh per 
second Such a spacing should not give latent addition but there may be changes 
of excitability following the responses For this reason a switch was used so 
that only one to three stimuh were given each time It was found by photo 
graphing the impulses with an oscillograph that the switch could be mampulated 
so as to give one or two stimuh and the machine was used m this wa> 

The advantages of the machine are that a lime-intensity curve can be obtamed 
quite rapidly, i « m about 5 minutes, as there are no switches to set and the 
durations can be changed without stopping the wheel Another is that there 
appear to be no harmful extraneous accumulations of charge due to friction and 
another that the capacity of the brushes can be made neghgibly small so that the 
circuit has very low capacity The effect of this capaaty is avoided m any case 
by short circuitmg the tissue while the brush circuit is being made Its dis- 
advantages are that the disc must be verv carefully made so that it will be smooth 
enough to avoid chattering of the brushes Also the currents tend to become 
irregular with durations shorter than about 0 0002 second The reason for this 
has not been fully determined so the measurements have been confined to greater 
durations 

Condensers with mica dielectric of good quahty and accurate to at least 2 per 
cent with the smallest capaaties w ere used for obtaining the voltage-capacity data 
In each case the circuit used for both types of stimulation was kept exactly 
the same except m so far as it might be altered by changes in the Ussue 

Sliver chloride dectrodes of about 0 5 mm diameter were used throughout 
The nerve trunk was suspended vertically m air m an enclosed chamber so that 
It was against the electrodes whose variable separations are given m the data 
The chamber was partially filled with water so that its contamed air would be 
kept neatly saturated with water vapor The responses of the muscles w ere used 
to determme the adequacy of the stimuli. 

The resistance of the Ussue, which is required for Equation 3, was measured 
m each case by determinmg the rheobase with the tissue alone then with SO 000 
ohms m senes, then with 75 000 ohms in senes and then with 115 000 ohms in 
senes These xheobases when plotted against the resistances m senes yield a 
straight Ime whose intercept gives the resistance of the tissue. The accuracy of 
the method apart from consideraUons of poIanxaUon depends on the constancy 
of the rheobase durmg the time about 2 mmutes required to make the readings 
The duraUons of the rheobasic currents are probably about 0 002 second so that 
the polanzaUon should not be important. 
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In Table I are given the results of eighteen experiments in vhicli 
the k values of Equations 1 and 2 were obtained from complete timc- 
mtensity and capacity-intensit}’^ cur\es taken in succession as rapid!} 
as possible Apart from the natural differences of tlie different prep- 
arations and of the room temperature v hich varied from day to dai , 
the experiments differ only in the separation of the electrodes Onh 
those experiments are reported in which a given measurement, sucli 


TABLE I 


Eiperiment 

Separation 

DC. t 

Corn) t 

Cond k/D c i 

(o) 

rrtn 

32 

1633 

1625 


(i) 

25 

2300 

2290 


(c) 

20 

2070 

2050 


(d) 

20 

1805 

1975 


(c) 

20 

1SS6 

1945 


(/) 

20 

3130 

3260 


(it) 

20 

2010 

2095 


(A) 

15 

1783 

1755 

0 98 

(«) 

15 1 

2588 

2500 

0 96 

0) 

14 

1842 

2790 


(t) 

11 

2830 

2945 

1 04 

(0 

11 

2935 

3750 


(m) 

5 

3565 

3590 

1 01 

(«) 

5 

2645 

4260 


(o) 

5 

2530 

4195 


(P) 

4 5 

2530 

27S0 

1 OS 

(?) 

4 

3160 

2990 

0 91 

(r) 

2 5 

1585 

1620 

1 02 

A\ erage 




1 015 


as the rheobasc, had the same \aluc vithin about 5 per cent at the 
beginning and end of a set of readings b} a particular method and in 
which, in addition, the data of the direct current and of the condenser 
experiments each separate!} ga\e a smooth cunc indicating that a 
single excitabilit} was being dealt with The eighteen experiments 
reported are from twentx which appeared to be good from the data 
alone The other two when plotted appeared, howexcr, to be mixed 
curves corresponding to a change from fibres- of one cxcilabiht} to 
those of another during the experiment Ihcy were, therefore, dis 
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carded Representative sets of data for difierent electrode separations 
are given m Table II 

In Table I it will be seen that the condenser and D c k’s are approxi 
mately equal for fourteen of the eighteen determinations The great- 
est of the deviations in these cases is 8 per cent and the average is 
1 S per cent indicating that there is no systematic difference between 
the two values of the constant There are four cases, however, 
in which the k’s are very different, the condenser value being about 50 
per cent greater than the n c The time mtensity curves of these cases 
were as good as usual so the difference cannot be attributed to poor 
measurement The only explanation that can be offered is that fibres 
of quite different excitabilities are bemg stimulated in the two cases, 
t e , that m changmg from the D c to the condenser stimuli a change 
was made also in the groups of fibres being stimulated The equalities 
of the rheobases do not ensure that the same fibres are being dealt 
with for It was shown recently (Blair, 1934, Figs 4 and 8) using the 
data of (Blair and Erlanger, 1933) that fibres giving rise to impulses 
of velocities about equal might have k values very different while at 
the same tune the relation (Blair, 1934, Equation 12) 

log ® “ — o Jt + constant 

where v is the velocity, R the rheobase, and o a constant, showed that 
fibres with velocities about equal would have rheobases about equal 
It follows, therefore, as an experimental finding that fibres with very 
different k values may have very similar rheobases The converse 
IS also true so that neither does the equality of rheobases ensure that 
fibres of the same excitability are being used nor does the inequality 
of rheobases ensure that fibres of different excitabilities are bemg used 
- When the rheobases are different it is probable, howexer, that the 
fibres are actually different although their excitabilities are approxi 
mately the same 

Between the D c data for the preparations which gave equal k’s 
and those which did not there was a difference which is probably 
significant, tii , that m the latter the constant C of Equation 2 was 
large and positive This problem has been discussed previously 
(1932 c) It IS connected with the cucumstance that a tissue with 
a certam k value may yield with direct current one of a farmly of 
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trme-intensity curves each of ^hich has the same shape but has for 
any particular intensity a displacement along the time axis iihich 
depends on C A curve with a large positive C is relatively close to 
the intensity axis Or, m other words, a current of given duration 
need be less intense when C is large and positive than when it is small 
or negative It is probably true, usually, that the fibres with the 
lowest rheobases have medial excitabihties (1934, Figs 4 and 8) 
although this is not always the case (1934, Figs 3 and 7) It there- 
fore appears possible that a fibre group with a given k and given rheo- 
base, which is the easiest stimulated by condenser discharges, ma} 
not be the easiest stimulated by direct currents because it has a small 
or negative C, ivhile another fibre group with larger or smaller k, 
which might otherwise be harder to stunulate, is made easier by virtue 
of Its having a large C This difference m the two types of stimuli 
makes possible the condition that, while with condenser stimuli the 
curve of greater k wall always he above, ? c be harder to elicit than one 
of smaller k w’hen the rheobases are equal, it is not possible ivith direct 
currents to state which wall be the lower unless the C values are known 

In the present instance it must be supposed that rather highly ex- 
citable groups of fibres (1934, Figs 3 and 7) are the easiest excited by 
the condenser stimuli but they have relatively small C values compared 
to some others with smaller k’s whose direct current curves therefore 
he lower It is, therefore, not possible to elicit a response from the 
same groups of fibres wath both types of stimuli by using the least 
adequate intensities in each case According to the results of Table 
I, how ever, it is more usual than not for the time-mtensity curve of the 
same group of fibres to be lowest with both types of stimuli so that the 
same value for tlie excitability wall be expected from either condenser 
or D c measurements 

In X lew of the considerations above in regard to the four cases in 
Table I m which the constants k arc not equal it seems legitimate to 
conclude from the fourteen that arc equal that Equations 2 and 3 are 
adequate dcscnplions of the data exen when the same value of / is 
common to both The accurac> of the fit of these two equations to 
the data is showoi in Table II 

In this table arc gixcn the complete data of four cvpcnmtnts vith 
different rcprcscntatixe electrode separations In each case the first 
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column gives the v c durations in seconds and the second column the 
correspondmg voltages on an arbitrary scale In the third column 
are the calculated n c voltages usmg Equation 2 and the n c constants 
k and C as given The fourth column gives the ratios of the calculated 

TABIE n 


PttpartuoB h 


HuriiUon 

VOXh 

VtaL 

Vtai./V 

. 

V coad 

Vrat 

\ tal/V 

CO 

151 

151 

1 00 

a 

151 

146 


0 0022 

ISl 

152 

1 00 

4 

146 

147 

1 01 

0 002 

151 

152 

1 00 

0 5 

149 

153 

1 03 

0 0015 

155 

ISS 

1 00 

0 2 

160 

161 

1 00 

0 00125 

161 

159 

0 99 

0 OS 

182 

186 

1 02 

0 001 

169 

167 

0 99 

0 02 

211 

233 

1 11 

0 0008 

176 

177 

1 01 

0 01 

261 

291 

1 11 

0 0006 

199 


1 01 

0 004 

455 

453 

1 00 

0 OOM 

237 

241 

1 02 

0 003 

531 

530 

1 00 

0 00035 

255 

259 

1 02 

0 002 

681 

683 

1 00 

0 0003 

282 

284 

1 01 

0 001 

1119 

TTiM 

0 99 

0 00026 

317 


0 98 

4 

149 



ee 

ISl 








D c ib ■=» 2300 or 1000 to base 10 Condenser k ** 2290 C ■» 0 030 
Resistance 85 000 ohms Separation of electrodes « 25 mm 


Prcparttloo/ 


Doratioa 

BSi 

1 cat 

Ved/l 1 

. 1 

V cond- ' 

1 Cll I 

1 cal /t 

CO 

1 198 1 

198 

1 1 00 

» 

192 

190 1 

0 99 

0 0022 


198 

1 00 

4 

1 195 

■ ■ 

1 0 98 

0 002 

■ fl 

198 

0 99 

0 5 

199 

■ s 

1 00 

0 0015 

203 1 

199 

0 99 

0 2 

201 


1 03 

0 00125 

204 

202 

0 99 

0 05 

242 

■ 9 

1 00 

0 001 ' 

210 1 

207 

0 98 

0 02 

293 

298 

1 02 

0 0008 ' 

213 1 

216 

1 01 

0 006 

439 

460 

1 05 

0 0006 ' 

239 1 

233 

0 97 

0 OM 

559 

563 

1 01 

0 0004 

275 1 

277 

1 01 

0 003 

659 

658 

1 1 00 

0 0003 

317 ' 

324 

1 02 

0 002 

845 

850 

1 01 

0 00026 

368 

354 

0 95 

0 001 

1349 

1365 

1 01 

CO 

198 

1 



199 




D c /b “ 3130 or 1360 to base 10 Condenser k " 3260 C — 0 
Resistance « 65,000 ohms Separation of electrodes « 20 mm. 
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TABLE IL—ConcUtded 
Preparation fc 


Duration 

r DC 

r cal 

r cal /V 

CO 1 

■■ 

n 


0 0022 1 


■■ 

0 99 


100 


1 00 

0 0015 

100 1 

WSm 

1 01 

0 00125 

103 

IB 

1 01 

0 001 

109 


0 97 

0 0008 

115 


0 96 

0 0006 

123 


0 99 

0 0004 

146 


1 00 

0 00035 

' 157 

156 

0 99 

0 0003 

1 171 

171 

1 00 

0 00026 

187 

187 

1 00 

GO 

101 




C 

1 cond 

Veal 

1 cal/l 

CO 

101 

100 

WEi 

4 

102 

101 


0 5 

107 

106 

mm 

0 2 

116 

112 

Mg 

0 05 

131 

135 


0 02 

178 

171 

mm 

0 01 

244 

221 

0 91 

0 006 

270 

281 

1 04 

0 004 

352 

350 

1 00 

0 003 

408 

416 

1 02 

0 002 

523 

521 

1 00 

0 001 

824 

902 

1 09 

4 

109 




DC k = 2830 or 1230 to base 10 Condenser k = 2945 C = 0 011 
Resistance = 53,000 ohms Separation of electrodes = 11 mm 


Preparation r 


Duration 

I D C. 

1 cal 

I cal/P 

c 

r cond 

1 cal 

J'cal/K 

CO 

110 

— 

1 00 

CO 

102 

105 


0 0022 

110 


1 03 

4 

no 

107 


0 002 

110 


1 04 

0 5 

111 

111 


0 0015 

113 


1 07 

0 2 

112 

116 

1 04 

0 00125 

120 


1 06 

0 05 

131 

137 

1 04 

0 001 

143 

137 

0 96 

0 02 

162 

168 

1 04 

0 OOOS 

159 

150 

0 94 

0 01 

215 

214 

1 00 

0 0006 

174 

174 

1 00 

0 004 

308 

296 

0 96 

0 0004 

222 


1 00 

0 003 

385 

375 

0 97 

0 0003 

26S 


1 01 

0 002 

481 

494 

1 02 

0 00026 

300 

298 

0 99 

0 001 

789 

802 

1 02 

CO 

113 



4 

113 




D c / = 15S5 to 690 to base 10 Condenser k = 1620 C = 0 020 
Resistance = 120,000 ohms Separation of electrodes = 25 mm 


to the observed toltagcs The fifth and sixth columns contain, re- 
spcctnch the capacities in microfarads and the xoltages of the con- 
denser stimuli, except in the case of the capaciU marked ntfinilc 
tthich IS the D c rheobase 4 microfarads can be considered as being 
xerx nearh an infinite capacitj for present purposes Tlic setenth 
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column gives the condenser voltages as calculated from Equabon 3 
using the condenser k as given, while the eighth column gives the ratios 
of the calculated to the observed condenser voltages The methods of 
applying Equations 2 and 3 have been given previously (1932 a, d) 
For D c the value of k using logarithms to base 10 is given in addition 
as It is used for calculatmg 

Sometimes as in preparation k the same rheobase was used for 
calculating both the D c and condenser data In others such as r 
where the D c rheobase had changed between the two sets of data a 
separate rheobase was used to calculate each set 


TABLE ni 


DuratMD 

Divergtoce 

Capaaty 

Divergence 


1 per eenf 


pir etnt 

<s 

-0 5 

o 

-0 3 

0 0022 

0 s 

4 

~l 3 

0 002 


0 5 

0 5 

0 0015 


0 2 

0 8 

0 00125 


0 05 

23 

0 001 


0 02 

1 3 3 

0 0008 

-2 0 1 

0 01 

1 8 

0 0006 

-0 8 

0 004 

0 3 

0 0004 

0 8 I 

0 003 

0 3 

0 00035 

0 3 1 

0 002 

1 3 

0 00030 

1 0 ' 

0 001 

0 5 

0 00026 

-1 8 




It will be seen that the observed and calculated voltages arc in fair 
agreement throughout In order to show a lack of systematic diver- 
gence the average divergence for each duration and each capacity is 
given in Table III The D c divergences are somewhat less than those 
for the condensers These condenser curves are not quite as good as 
can be obtained ordinarily with simpler circuits The procedure 
adopted of using the same circuit for both n c and condensers makes 
the arrangement for the latter unnecessarily complicated Tor this 
reason a set of voltage-capacity data obtained with a simpler circmt 
is given m Table IV for comparison 
In Table IV are given three voltage capacity curves also from 
sciatic gastrocnermus preparations of the frog using a simple circuit 
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•mth just a potentiometer and the condenser and the nerve and an 
additional resistance in series Three different electrode arrange- 
ments were used In preparation 1 the electrodes were test lubes 1 
cm in diameter filled with Ringer’s solution The nerve lay across 
the tops of the tubes, which were separated 1 cm , and through the 
contained solutions The solutions were connected to circuit vith 
Sliver chlonde electrodes The preparation was used with 26,800 
ohms resistance in senes The resistance given in the table is the sum 
of this and the nerve’s resistance 

Preparation 2 was stimulated m a rubber trough 1 mm wide, 1 5 
mm deep, and 2 cm long filled with Ringer’s solution and connected 
to chlonnated silver ivires at the ends The preparation was shunted 
by 26,670 ohms in parallel as well as the Ringer’s solution The re- 
sistance given in the tabic is the senes resistance plus the resultant 
resistance of the nerve and shunt 

Preparation 3 was stimulated on chlorinated silver wires m air and 
separated by 2 cm It had 26,800 ohms in senes and was shunted 
Mith 26,670 ohms The resistance given is again the resultant of the 
combination 

It will be seen that in these cases the agreement of the calculated 
and obscn’’cd voltages is somewhat better and that the fit is equally 
good vith the different types of electrode 

It seems possible to conclude that Equations 2 and 3 represent time- 
intensity and voltage-capacity curves for the frog’s sciatic nerve vith 
as great accuracy as can be expected from the measurements Ihc 
equalities of the constants I shown here indicate, in addition, that the 
differential equation. Equation 1, is an accurate descnption of the 
grovth of the excitatory process, because the two types of stimuli 
are so different in form that the fortuitous fit of the two integral equa- 
tions, Equations 2 and 3, with the same constant in each would be 
\cry improbable if this were not so 

The actual mechanism of excitation ma> , of course, be more complex 
than IS indicated b) Equation 1 It seems ncccssar> to conclude, how- 
c\cr, that no matter how complex the components of this mechanism 
may be they work together m such a wa> as to give the resultant repre- 
sented b\ Eouation 1 with considerable accurac> 1 he bulk of the 
CMdence points, howc\cr, to the conclusion that it is not a combiria- 



TABLE IV 


PrepaLikUon 1 


c 

Vobs 

Veal 

1 cat /V obs 


CO 


0 095 

1 00 


0 5 


0 101 

1 01 


0 2 


0 102 

1 02 

Fluid electrodes 


0 125 

0 136 

1 09 

k >= 1,500 

0 02 

HiVimiH 

0 173 

0 91 

Resistance ta 75 000 ohros 


0 215 

0 225 

1 05 

26 800 ohms m senes 


0 245 

0 249 

1 02 



0 270 

0 265 

0 9S 



0 370 

0 358 

0,97 



0 435 

0 428 

0 98 



0 560 

0 550 




0 945 

0 931 




Preparation 2 


e 

Vobs 

Veal 

VeaL/Vobs, 


CO 





4 

1 02 


1 00 


1 

1 07 

1 03 

0 96 

Trough electrodes 

0 5 

1 13 

1 12 

0 99 

i - 1 550 

0 2 

1 25 

1 25 

1 00 

Resistance b 40 000 ohms 

0 05 

1 75 

1 n 

0 97 

26 800 ohms m senes 

0 02 

2 45 

2 44 

1 00 

26 670 ohms in parallel 

0 015 

2 85 

2 82 

0 99 




3 54 

1 01 




4 39 

1 00 




5 45 

0 99 



6 40 

6 38 

1 00 



Preparation i 


c 

V obs. 

VcJ. 

1 Cal /Vobs. 


CD 

0 240 


Bn 


4 

0 240 

0 243 

Bn 


1 

0 250 

0 252 

Bn 

Silver chlonde electrodes 

0 2 

0 265 

0 281 

BIB 

it « 2 000 

0 02 

0 480 


BIB 

Resistance •= SO 000 ohms 

0 01 

0 650 

0 651 

■iS 

26 800 ohms in senes 

0 007 


0 790 

0 94 

26 6f 0 ohms m parallel 

0 005 


0 960 

0 98 


0 004 



1 00 


0 003 

1 295 

1 340 

1 04 


0 002 


1 79 

1 00 


0 001 

3 20 


0 97 



765 
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tion of factors or at least not a combination of unrelated factors that is 
concerned For m that case it would be expected that the applicabil- 
ity of Equation 1 would be very lunited 

Considerable evidence (1932 a, b, c, d) has now been presented ivhich 
shows that the tune-intensity and voltage-capacity curves for several 
different tissues of quite different excitabilities are adequately repre- 
sented by Equations 2 and 3 The present evidence indicates 
that these equations are not only separately valid, but that both arc 
valid on the same tissue with the same parameter k in each That 
this factor k has a definite physiological significance has been shown 
further by the fact that it can be related fairly simply to the velocity 
of the nervous impulse (1934) which does not depend on the particular 
type of stimulus by which it is elicited and is, therefore, a purely 
physiological factor 

SUMMARY 

Data on the electrical stimulation of sciatic-gastrocncmius prep- 
arations of the frog by both direct currents and condenser discharges 
at the same time arc discussed in relation to the validity of the differ- 
ential equation 


where p is the local excitatory process, V the stimulating current or 
x’oltage, and K and k arc constants It is concluded that the constant 
k IS the same whether it is derived from the data of the one stimulus or 
the other when the same fibres are being stimulated 
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A THEORY OF VISUAL INTENSITY DISCRIMINATION 

By SELIG HECHT 

{From the Laboratory oj Biophysics Columbia University, New York) 
(Accepted for publication, October 2 1934) 

I 

Necessity for New Theory 

The capacity to distinguish intensity differences in the environment 
IS an important function of sense organs To describe this sensory 
capaaty it has long been customary to use the fraction AI//, where I 
IS one mtensity and 7+A/ is that intensity which may be recognized 
with certainty as just higher than / 

Historically the fraction A7// has been assoaated with the Weber 
Fechncr law, in which Fechner (1858) had originally assumed it to be 
constant at all intensities However, m the last seventy five years 
It has been repeatedly demonstrated’ that this assumption is not true 
for the eye and ear, and very likely not for the other sense organs as 
well Instead, the fraction A/ /I vanes m a fairly estabhshed manner 
For the ear Al/I decreases as I increases, the decrease is rapid at first, 
and then more gradual, at the highest intensities AI/I changes so 
slowly as to be almost constant (Knudsen, 1923, Riesz, 1928) For 
the eye Al/I vanes m much the same way, except that Roenig and 
Brodhun (1888, 1889) found the fraction to nse again at the higher 
mtensities 

Several efforts have been made to find a theorebcal basis for the 
prease way in which AI/I for the visual process varies over the m- 
tensity range (Putter, 1918, Hecht, 1924 b, 1928, Houstoun, 1932) 
These formulations all have an essential property in common In 
conformity with the generally accepted data of Roenig and Brodhun 
they predict that as the mtensity I mcreases, the fraction AI/I will 

’ A summary of the history and data of mtensity discnmination is to be found 
m a paper wntten ten years ago (Hecht 1924 6) 
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decrease steadily to a nunimum, beyond which it will just as stcadil) 
increase again (see Hecht, 1934) 

Very recently Wolf (1933 a, b) published measurements of inten- 
sity discrimination \vith bees, and Hecht and Wald (1934) \\ith Droso- 
pJnla, which show that the fraction AI/I, after reaching a minimum, 
remains constant, and does not increase again as the intensity con- 
tinues to increase Wald and I paid particular attention to the 
possibility of a nse of A/// at the highest intensities, but though we 
tested intensities even 10,000 times higher than the one at which the 
minimum becomes established, we found no trace of an upturn in 
AIII 

Clearly the data for these tw'o insects do not conform to previous 
theoretical formulation, and it becomes necessary to reconsider the 
basis of visual intensity discrimination 

n 

Basic Requirement 

The measurements with Drosophila and with the bee were made by 
the method of moving stripes originally developed for the bee (Hecht 
and Wolf, 1929) The insect is confronted with a visual field com- 
posed of stnpes which, when moved, elicit a movement of the animal 
opposite m direction to the stripe displacement The stripes are 
arranged to radiate any fraction of the intensity of light coming from 
the mtervemng clear spaces, and the measurements consist in finding 
the least difference AI between the light intensity I coming from the 
stripes and the intensity I-\-AI from the clear spaces, w'hich will just 
barelj elicit a response from the insect when the pattern is moved 

It 15 important to recognize that the response of the animal follows 
immediately upon the movement of the pattern A group of om- 
matidia, which ha\e been exposed to the intensity 7, are subjected 
to the higher intensity I+AI by movement of the pattern, and at once 
the insect responds - Thus, though the ommatidia have been adapted 

-It males no difference whether jntcnsil> discnmination is \ievcd in this 
V a% or rn terms of a decrease in brightness (“shadov response") In the latter 
case a group of ommatidia is considered as adaptetl to / and then suddenij exposed 
to I - AI The resulting critical equation (9) for the U.o formulations difTer;^ 
onli in £ gn 
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to the intensity I, the munediate response of the insect precludes their 
adaptation to the higher light intensity 7+ A/ The inner change m 
the ommatidia which initiates the events resulting in a response must 
therefore take place immediately when the outside hght is changed 
from 7 to 7+A7 It is the properties of this initial event which form 
the basis of the present theory of intensity discnmmation 

m 

Demalton of Eqtiahons 

The most general ideas about the photoreceptor system of organisms 
require the presence of (a) an mactive photosensitive substance which 
absorbs hght in order to be changed by it into an active substance re 
sponsible for initiating the tram of events which end in a nerve impulse, 
and (6) some process for maintaining a supply of the sensitive material, 
since otherwise it would be used up and the process would come to an 
end Essentially, this is the reversible photochemical system which 
has served in the theoretical treatment of a variety of visual and other 
photosensory data (Hecht, 1934) Obviously the photoreceptor sys- 
tem IS more comjilicated than this and contains more than a reversible 
photochermcal reaction For our present purposes, however, it is not 
necessary to investigate anythmg beyond this very first step in the 
process, since by itself it yields equations which describe the data 
adequately 

Consider a reversible photochemical system of which the sensitive 
material 5 is changed by light into the photoproducts P, A, B, , 
some of which under proper conditions reunite to form the sensitive 
material from which they were dcnved Let the total initial con 
centration of 5 be o, and the concentration of P, A, at the 
moment t be v The velocity with which the whole process will go 
on under the influence of hght of intensity 7 will be 

^ = ii/fo - i)- - (1) 

where m and n represent the order of the photochemical and the dark 
reactions respectively, and ki and kj are their velocity constants, fci 
including the absorption coeffiaent If the hght continues to shine, 
dx/dt becomes equal to zero, and a stationary state is reached such that 
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the apparent concentrations of sensitive material and decomposition 
products remain constant Equation (1) then becomes 

kJia — x)’-' = it (2) 

which, when ki/L is written as K, assumes the form 


Ki = 


(a — x)’^ 


(3) 


and IS the familiar, but generalized stationary state equation 
Let this photosensory system at the stationary state of equation (3) 
be exposed to light of intensity /-f-A/ At the very first instant of 
exposure the velocity "wnth which the sensitive material will be de- 
composed IS 

dx 

— = ki(I AI)(a — *)" — (4) 


where the concentrations are the same as during the previous station- 
ary state, because no changes have as yet occurred Since from 
equation (2), kj (a — x)" = w'c may subtract kj (a — a)" and 
add to tlie right side of equation (4) The result of carrying 
out the operations indicated, yields 

^ = ki&J(,a — x)” (5) 

d/ 

which says that the initial rate of photochemical decomposition on 
the introduction of the higher intensity to the photochemical system 
at the stationar>’^ state is proportional to A/ times the concentration 
of sensitn c material at the stationary state 

For Drosophila and the bee, the sensory' recognition of this increase 
in intensity occurs immediately' after the increase is made 'Ihcrc- 
fore some property of the initial photochemical velocity as shown by 
equation (5) is the basis for the recognition of the difTcrcncc between 
I and /-LA/ Let us assume that for the intensity' /-f A/ to be dis- 
tinguished from the intensity I, the initial rate of decomposition of the 
scnsitnc material on the addition of A/ is the same no matter what the 
intensity I may ha%e been * This is equivalent to writing 

• Ob lOJsK ihrs i' rot the onlv a'=;umpuon po=-ible \noti)er J-. that th'* 
jTtnl \cIocn\ IS a function of the mteniiU I or of the corcentration x Srrt 
/ nrd r are re’atcd b% equalio'i (3) onh the latter rtcL to be co'isiderLd 
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ki£J(a — aO*" = c 


( 6 ) 


where c is a constant This constant c is formally equal to the initial 
rate dxfdl, this may possibly mean that m a verj short time td, which 
for all practical purposes is near enough to dt, a constant photochemical 
change Ax has to be accomphshed by the addition of Al, in order that 
the animal may just discriminate between two intensities Smce, 
from equation (6) 


kda - x)~ 

and from equation (3) 


K(a — i)“ 


m 


( 8 ) 


we get, by dividmg (7) by (8) and remembermg that K = h/k,, 


£ i 

1 kt 


(« 


as a description of AI/I in terms of the general ideas we have just 
considered 

In order to test these ideas with data it is necessary to try specific 
values for m and « m equations (8) and (9) In this way we eliminate 
X and derive Al /I as a function of I It is m this form that the data 
exist The simplest case is when j» = n = 1, that is when both the 


then that to distinguish 7 + aI from 7 the imtial veloaty dx/dt instead of being 
constant is proporUonal to x or to a: alone In the first case, equation (5) becomes 
tiA7(o-*)” = hx where A is a constant Thus a7 ■» Ai /Ai(a— j)' «= hl/ki 
When both sides are divided by 7 this gives tJ/l ^ hfki which we know is not 
true eapenmentally In the second case equation (5) becomes AiA7(a — i)" - hx 
Solving for a 7 and dividing by 7 we get a7/7 = A/Ajx as the general expression 
corresponding to (9) Assuming m = n - 1 makes A7/7 « A/Aj which again is 
not true expenmentally Assurmng w — « » 2 and m » 1 « “ 2 gives expres 
sions for a 7/7 which are the same as (13) and (15) but without the square exponent 
on the right side Plotted as log A7/7 against log 7 these expressions yield curves 
whose slopes are exactlj halt of those given by equations (13) and (15) and by the 
measurements In other words they fail completely to describe the data It 
may be added that quite a variety of assumptions have been similarly tested 
and hav e been discarded 
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bght and the dark reactions are monomolecular Substituting these 
values for in and ii in (8) and solving for we get 


* = 


a 

1 + 1/A7 


which, -when substituted in (9), gives 


/ 



(10) 


( 11 ) 


the desired expression for intensity discrimination When equation 
(11) is plotted as log Al/I against log I, the form of the function is 
independent of the constants K and c/ak^ The value of K controls 
the position of the curve on the axis of abscissas, that of c/aki on the 
axis of ordinates Putting K = I, and c/akn = 1 gives the curve 
marked 1,1 in Fig 1 
\\Tien in = n = 2, equation (8) gives 


a 

* “ 1 + l/(A/)i 

vhich when substituted in (9) yields 



( 12 ) 


(H) 


an expression similar in many respects to (11) Like (11) it may be 
plotted in loganthmic form as the curve marked 2, 2 in Fig 1, in which 
case its precise shape is independent of the constants K and c/a-kz 
The unsjTnmetrical case of in = 1 and n = 2 gives the following 
\alue of X from equation (8) 

^ ^ (4aA/ + - hi 


V hich ma\ then be put into equation (9) Ihis becomes transformed 
into 


£ 1 

I ~ t [(43A/ -i- - A/r 


(15) 


an equation Inch nia\ be plotted logarithmicalh (the cur\e marl td 
1,2 in Fig 1) m the same v a> as (11) and (13) 'Hic uns>Tnmetricai 
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case when w = 2, n = 1 is not developed here because none of the 
data to be considered are exclusively fitted by the resulting equation 
In all cases the total concentration of sensitive material is put at 100 
per cent, thus a = 1 



Fig I The relation between Af// and I in terms of the theoretical equations 
Drawn on a loganthmic gnd, the curves have a shape vibich is independent of any 
constants in the equations but is determined by the order of the light and dark 
reactions of the photosensory ^tem, as shown by the numbers attached to the 
curve The first number gives the order of the light reaction, the second of the 
dark reaction Curve 1,1 is from equation (II) Curve 1 ,2 from equation (15), 
and Curve 2 ,2 from equation (13) 

The curves denved from equations (11), (13), and (15), and showm 
in Fig 1 are obviously of the same family The two corresponding to 
m = » =s 1 and in = \,n = 2 arc very similar, and a decision as to 
which apphes to a set of data can be made only when the measure 
ments are very prease and cover the greater part of the curve Ap 
patently their common value of m determines the specific properties 
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of the resulting A/// curve, because the one corresponding to = j, 
= 2 IS distinctly different from both because of the gradual in 
vhich the descending portion joins the horizontal portion of the cun c 
As a result there is little difficulty m deciding vhether a set of data is 
fitted by it or by the other two curves * 

TV 

Insects 

The theoretical behavior of A//7 in all three curves of Fig 1 re- 
sembles the actual behavior of A/// for insects The data for Droso- 
are shown in Fig 2 Through them is drawn the curve for A/// 
m accordance with equation (11) The fit wTth this equation is 
slightl3’ though not decisively better than with equation (15), equation 
(13), however, is definitely ruled out The choice of equation (11) 
instead of (15) rests on the fact that the relation of the visual aemtj 
of Drosophila to intensitj'' is desenbed with fine precision by an equa- 
tion of the form KI — x/(a — ^), and not at all by KI = ^-/ia — i) 
(Hccht and Wald, 1934) Fig 2 shows that the present theoretical 
formulation for intensitj^ discnmination accurately describes the data 
of Drosophila 

The first measurements of intensity discnmination of the bee made 
by Wolf (1933 o), and reproduced in Fig 3 bj’’ black circles, are too 
scattered for a cntical choice among the theoretical curves 'Ihc 
later measurements (^Volf, 1933 ^»), shown in Fig 3 clear circles, 
are smoother, more numerous, and more critical than the first ones 
Of the three theoretical curves, onl} the one from equation (13) can 
be draw n through them The exactness of fit is obx lous Because of 
the adequacy of equation (13) for the later data, the same curve is 
drawn through Wolf s earlier data, though the measurements them- 
selves give no warrant for a choice among the three equations 

* The relations between A/ and I m the above equations ma\ be plotted in a 
\anct\ of wavs The loganthmic form here used was chosen bccau'e it sho cd 
so casJv which the three equations fll), (1 v), and (15) fit a set of mcasurcmcrts, 
The curves of tlie equations arc drav n on individual sheets of coordinate paj/^r 
The data, p’otted o'' the same scale on a cmilar ■:hcct arc comp-'red v ith tfie tfirce 
cur e '3 bv t'ansmitteid 1 ght Uecau'e of the lo^-'nthmic plo* tie tl ( oatra! 
cu’" cr^av be r"Oved in all di'ections—p'o iJedo^H that the atC'- of the t opripf^ 
a'c I-cp* pamllel — ard clea-l de''“ons*raees hen it does or doe^ rot f t a pi 
se’ cf da’a 
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V 

Mya 

It IS not surpnsing that the present theoretical formulation fits the 
data for Drosophila and for the bee The method of experimentation, 
which rehes on immediate changes produced by the added hght, is 



-O -3 -/ O / 

Loyl'~ rr)/ff//amt>erfj 

Fig 2 The data of intensity discnnunation of Drosopkxla The theoretical 
curve IS from equation (11) and is the same as 1 , 1 in Fig 1 

responsible for equation (4) which, with equation (6), are the cntical 
equations of the theory It is revealing to examine the other avail 
able data of visual intensity discnnunation m the hght of the new 
ideas 

The measurements of intensity discnmmation with Mya made ten 
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}ears ago (Hecht, 1924 a) also record immediate responses to an in 
crease in the intensity of illumination Mya ■s\as first adapted to a 



Log I —mif/i/amderfs 

Fir ’ Wolf’s measurements of the mtcnsit\ discnmmation of the honc> htc 
The bhcl cirdcc arc the data from the first paper, the plain circles from the 
second paper The numbers attached to the curves arc the visual acuities multi 
phed b 1000 ard arc in c'-ch proportional to the sire of the stripes used for the 
nieas„-c*^ents The same ihco-ctical curve is dra n through all the dita, it !■> 
Cu'n.e 2 ,2 o' I ig I and rep'c>ents equation ( 13 ) 


given inttns'tv then ar additional intcn^’*} v, 
the reaction time of the animal to tlic 


aed and 
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This was done for three different values of the added intensity for 
each of seven adapting intensities By plotting reaction time against 
added intensity for each adapting intensity, it was possible to derive 
graphically the intensity required to be added to each adapting inten 
sity in order for Mya to respond at the end of a speafic reaction time 
Fig 4 shows the relationship between the added intensity A/ and the 



o / z s 
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Fio 4 Intensity discrimination of the clam, 3/j{i The clear circle so obvi 
onsly off IS an extrapolated value The curves are all the 2 2 curve from Fig 1 
and equation (13) 

adapting intensity I required for five different reaction times As 
before the data are in the form of log A//7 against log /, from which it 
appears that the relationship is the same for all reaction times 
The experimental procedure wiUt Mya records the immediate re 
sponsc ot the animal "We may therefore eiqiect the present thco 
rctical formulation to apply The curves drawn through the data in 
Fig 4 arc all from equation (13), which is the only equation ot the 
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three to fit them To derive equation (13), n = w = 2 That n 
= 2 for I^fya is not surprising since the dark reaction has long been 
known to be bimolccular (Ilccht, 1918) The fact that the purely 
photochemical reaction is also of the second order emerges for the first 
time from this theoretical treatment 
Ihe data for Afya in I'lg 4 reach just to the tantalizing minimum of 
the theoretical cur\e 7 he added illuminations AT at this point arc 
of the order of 10,000 meter candles, which were the highest intensities 
available at the time It is ob\ lously necessary to determine whether 
AT/I remains constant at still higher intensities, and experiments will 
have to be devised in whicli more powerful beams of light can be used 
with this animal 


VI 

Human Eye 

The proposed thcor} of mtcnsitj discrimination has been successful 
in accurately describing the data of Drosophila, of the bee, and of Mya 
Can a similar tlieoo' be applied to the human eye’ On first impulse 
the answ’cr appears to be no Measurements of visual intensity 
discrimination arc usually made with a bipartite test field of which 
one side has an intcnsit}' / and the other an intcnsit} T-\-Al 7'hc pro- 
cedure seems to involve the simultaneous and complete adaptation of 
the correspondingly juxtaposed retinal areas to their respective in- 
tensities,*^ wdicrcas our critical equations depend on the initial effect 

'’The formulation of intensity discrimination made ten jears ago (Ilccht, 
1924 b, 1928) rests on this basis It was then assumed that the c^ e will just dis- 
criminate between two intensities when their corresponding staliomrj' slates differ 
by a constant amount of pholoproducts Such a formulation predicts a rise in 
A/// at high intensities especially Ilecht, 1934) It seemed to apph to Mya 
because the data extend only to the minimum, as Fig 4 shows It also seemed to 
desenbe the data of Koenig and Brodhun when the usual assumption is made 
that the rods and cones function independently, and if the data are corrected for 
variable pupil Since then, the pupil correction had to be discarded, first because 
Koenig and Brodhun apparently used an artificial pupil (Koenig, 1897, footnote), 
and second because Schroedcr (1926) and Stiles and Crawford (1933) found such 
corrections to be inadequate Furthermore, as will prescntlv be apparent, the 
upturn of Al/I at high intensities is probably spurious, and does not appear 
under properly controlled conditions 
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of the added intensity AI to produce the significant difietence between 
the two 3ust perceptibly different intensities 
It is possible, however, that this antithesis is more apparent than 
real In making the measurements, the eye looks at and becomes 
adapted to the intensity I which prevails on both sides of the field 
Then the intensity on one side is raised slightly, and a judgment is 
made as to whether there has been a perceptible increase m bnghtness 
The procedure is contmued until the minimum increase is found which 
IS clearly recognizable not only at once but on continued examination 
It 15 to be noted, however, that any contmued study of the field in- 
volves the usual and persistent eye movements which expose fresh 
portions of the retma to the higher intensity, while the general state of 
adaptation of the retma still corresponds to the lower intensity If 
this is correct, then recognition of AI may mvolve initial rather than 
final effects even with the human eye Certainly no harm can be 
done by testing the data in terms of the equations 
The existing material on the human eye is quickly summarized 
The first quantitative measurements were made by Aubert in 186S, 
and effectively disposed of Fechner’s idea that A//7 is constant 
Twenty five years later Koenig and Brodhun measured the values of 
AJ/J over the whole range of intensities for white bght and for six 
portions of the spectrum Like Aubert they found that as I increases 
AI/I decreases steadily to a minimum, at still higher mtensities, be- 
yond those at which Aubert w orked, they found A7// to increase again 
In 1918 Blanchard repeated the measurements with white bght up to 
but not mcludmg very high intensities, and found A/// to decrease 
steadily in much the same way as had Aubert Since 1924, when it 
was shown that, plotted as Al/I against log I, the data of these four 
observers could be superimposed on a single graph (Hecht, 1924 b), 
there have been some mmor additions to the data HoUaday (1927), 
as part of a study of glare, determined a 7// for a portion of the inten 
sity range, and secured data which resemble those of Koenig and 
Brodhun, without, however, going to high enough intensities to con 
firm or deny the nse of A//7 found by them Over a small range of 
high intensities Lowry (1931) measured A/// and secured x alucs which 
serve to extend Blanchard’s data Finally, Houstoun (1932) has re- 
cently published measurements of AI/I with untrained observers 
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Some of llicsc sliOM an increase in A/// at liigh intensities, but the 
measurements as a Mliole are very irregular, and such details of the 
procedure as arc given do not inspire confidence in the data The 
increase in A/// at high intensities will be dealt with more explicitly 
in a few pages 

The common practice of plotting A/// arithmcticall}’’ against log 
/ tends to compress the low xalucs of A/// into a small space at the 
bottom of the graph Therefore, for reexamining the ax'ailablc data 
wath a xnew’ to ascertaining their relationship to the present formula- 
tion, they have been plotted as log A/// against log I 

The data for Aubert’s eye arc show n m Fig 5 The points arc single 
measurements, and arc therefore fairly rough, but their significance 
IS unequivocal The data clcarl} range thcmschcs into two parts 
As the intensity increases, A//7 first decreases sharply and then 
reaches a plateau which continues for at least one log unit, after which 
A7// again drops sharply The two parts arc a demonstration of the 
duphaty thcor}, in terms of whicli the low intensity limb represents 
the function of the rods, and the high intensity limb that of the cones 
The tw'o sections of the data arc fitted by the equations dex eloped in 
the present theoretical treatment Tlic low’ intcnsit} data arc not 
good enough for a clioicc between equations (11) and (15), but they 
are adequate tentatively to rule out equation (13) Equation (15) 
has been draw’n through them, because tlic dark adaptation of the 
rods indicates that the dark reaction is probably bimolccular (Hecht, 
1934) The data for the high intensity cone portion arc too limited 
for a critical choice among equations (11), (13), and (15) The curve 
draw’n through them is from equation (13), but this is on the basis of 
the other measurements to be considered 

Leaving Koenig and Brodhun’s w’hite light data to one side for the 
moment, let us examine Blanchard’s data showm as plain circles in 
Fig 6 They do not cover quite so large a range as Aubert’s, but the 
points are smooth, and precisely determined It is striking that these 
data also break by themselves into two portions The curve through 
the rod portion is again from equation (15), though the curves from 
(11) and (13) are indistinguishable from it for the very small portion 
covered by the few points The cone portion containing only six- 
points may be supplemented by Low’ry’s measurements made in the 
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same laboratory thirteen years later, which cover the higher intensi 
ties For the intensities at which they overlap, Lowry’s A/// values 
are shghtly lower than Blanchard’s, they have accordingly been raised 
0 15 log units along the ordinates m Fig 6, so as to be contmuous with 
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Tig 5 Aubert’s measurements of the intensity discnmmation of his own c> c 
The mtensitics are those given by Aubert Judging by his descnption of the ex 
penments they should be divided by 500,000 to convert them into miUilambcrts 
The data stnkingly break into the two sections representing rod and cone functions 
The curves are from Fig 1 the one at low intensities representing equation (15) 
and the one at high intensities equation (13) 

Blanchard’s The curve through the data is from equation (13) and 
IS the only one of the three equations which passes through the points 
These measurements were all made with large test fields and with 
white light, and show the separate presence and function of the rods 




782 


IIIEOKY 01 VISUAL INTENSITY DISCRIMINATION 


and cones Fig 7 contains the data of Koenig and Brodhun for the 
red, orange, and yellow portions of the spectrum using a rectangular 
field 4° \ 6° Since the extreme red light of the spectrum even at low 
intensities is more clTectivc for the cones than for the rods, it is not 
surprising to find that the points for 670 mfj. he on one continuous 
cur\'c and shov no trace of the break so strikingly present with white 
light The data arc fitted only by equation (13), which is the one 
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Fig 6 The measurements of Blanchard arc the plain circles, those of Lown’ 
are the black circles The curves arc the same thcorcUcal ones as for Aubert’s 
data in Fig 5 Note here too the natural breaking of the data into t\\o sections 
indicative of rod and cone functions 

used for the cone portions of Figs 5 and 6 The data for 605 m/n 
and for 575 m/t show the usual discontinuity and the separate presence 
of rod and cone function As would be expected from the relative effec- 
tiveness of 605 and 575 m/j, at low intensities for rods and cones (Hecht 
and Wilhams, 1922, Kohlrausch, 1922, Hecht and Verrijp, 1933) the 
rod portion for 575 in,u is larger than for 605 m/j. The cone portions 
of 605 and 575 mp are fitted only by the same equation (13) w^hich has 
been used for all the cone data 
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Judged b> the a\adable data so far presented, the theory seems to 
be successful in descnbmg mtensity discrimination for the human eye 
There are two thmgs, however, which need to be discussed, both con- 



yellow spectral light The red data ore continuous and show only cone function, 
whereas the orange and yellow show increasing amounts of rod function The 
curves are theoretical and are from equation (15) for the rod section and from 
(13) for the cones 

ceming the data of Koenig and Brodhun The first is the increase m 
A//7 at high intensities found by these workers, the nse is present in 
the three sets of spectral data shown in Fig 7, and in the white light 
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data of the same observers shown in Fig 8 If we compare these 
data Mitli those in Fig 6 it is apparent that Loury’s A/// values arc 
practically constant at brightnesses easily fifty times as high as those 
at which Koenig and Brodhun’s A/// values have already nsen 
sharply 'I heir rise is therefore suspicious and may be due to the way 
the measurements Mere made Dr Jacinto Steinhardt, vho has been 
studying the intensity discrimination of his ovn eye, has informed me 
that the appearance of this nse in A/// depends on the illumination 
surrounding the test field and on the adaptation of the eye The 
better the adaptation, the less evident is the upturn, and when ad- 
aptation IS complete, there is little or no upturn for the high inten- 
sities, especially when there is a good sized field surrounding the test 
area Koenig and Brodhun had no surround to their test field ® 

The second thing about Koenig and Brodhun’s data is not so easily 
understandable Fig 8 shoMs their measurements Mith Mhite light, 
and it is apparent that these resemble neither Aubcrl’s nor Blan- 
chard’s, nor indeed their oivn data w'lth orange and yellow light, particu- 
larly the latter ivhich usually produces eflects very similar to vhitc 
light They shoM' no clear division into tivo parts, and though the 
points fall around tivo theoretical curves such as arc shown in Fig 6, 
the}’- arc not really fitted by them Holladay’s data, though fciv and 
scattered, resemble Koenig and Brodhun’s measurements more than 
Aubert’s and Blanchard’s Even more puzzling arc Koenig and Brod- 
hun’s blue and violet data Since at low intensities the rods arc more 
sensitive than the cones to blue light, it might be expected from w'hat 
has been found with red, orange, and yellow light m Fig 7, that these 
data would show a large rod portion and only a small cone portion 
Yet the data show only a continuous and shallow decrease m AT/I 
with no indication of a break Nor do the points fall on any of the 
three theoretical curves 

There is the obvious possibility tliat at those intensities where both 

® Mr J Gould of the National Physical Laboratory in discussing Houstoun’s 
recently reported measurements of A/// records an experiment, which lie lias 
kindly demonstrated to me, which shows simply and convincingly that the rise 
m A/// at high intensities is “entirely factitious and depends on the degree of 
adaptation to each field-intensity which prevails when the observation is made” 
(p 180, Report of a joint discussion on vision. Physical Society, London, 1932) 
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rods and cones are functional, their effects summate to gi\ e values of 
d/// lower than either would give alone, this would account for the 
absence of inflection pomt and of clearly separated rod and cone por- 
tions But there remains the fact that Aubert’s data, and Blanchard’s 
data, and more emphatically Koenig and Brodhun’s own red, orange, 
and yellow data show no such summation, but show mstead a clear 
inflection pomt mdicatmg the passage of the function from rods to 
cones Thus Koemg and Brodhun’s measurements are not consistent 



Lo^l 


Fig 8 Koenig and Brodhuns data for white light (Koenigs e>e) The 
intensitj is m Koenig s onginal units Though there is an indication of an mflec 
tion between the fourth and Bfth point from the left, it is sbght and distinctl) 
different from that present in Koemg sown >elIow data in Fig 7 andinAuberts 
(Fig 5) and Blanchards data (Fig 6) Moreover none of the theoretical curves 
of Fig 1 really fit the points 

because their data with yellow, orange, and red hght present a signifi- 
cantly different appearance from their data with white, blue, and violet 
hght Some condition m the procedure must be responsible for the 
difference, but unfortunately Koenig and Brodhun pubbshcd only the 
scantiest technical details, and leave one at a loss to know what this 
condition is 

Steinhardt s measurements, soon to be published, confirm these 
doubts Steinhardt measured A/// over the whole nsual intensity 
range for a vanety of test field sizes His results, ohtamed over several 
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years, arc essentially uniform, and he has kindly permitted me to refer 
to them here For white light and test areas larger than 2° the data, 
without exception, fall on a double curve similar to the data of Aubert 
and of Blanchard, vhile for smaller, fovcally fixated areas, they alu ays 
form single curves like those of Koenig and Brodhun with light of 670 
m^ Fig 9 shows two examples The upper data are for white light 
and a test area 56' in diameter, having a large surround in order to 
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Fig 9 Stemhardt's measurements lute light The upper data arc ^Mth 

a field 56' in diameter, the lower with a field 3°44' in diameter The upper data 
show only cone function and arc described as usual bv the curve from equation 
(13) The lower data show both rod and cone function, tlie cun'c through the 
former is from equation (IS), while through the latter it is from (13) 

maintain the eye as a whole at the intensity of the measurements 
This size of test field falls entirely within the rod-free area of the fovea 
The data are continuous and show no inflection point The only curve 
which passes through the points is from equation (13) and is the one 
which has been used with the other cone data The lower data in 
Fig 9 were chosen because they are with a field size of the same order 
of magnitude as Koenig and Brodhun’s They happen to be one of 
Steinhardt's earhest set of measurements, but like all others, they 
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dearly resemble the white hght data of Aubert and of Blanchard, and 
not those of Koenig and Brodhun The curves drawn through them 
are as usual from equation (15) for the short piece at low mtensities, 
and from equation (13) for the rest of the data 

It IS no pleasure to question even a portion of the data of such eminent 
investigators as Koenig and Brodhun But these comparisons show 
that those of Koenig and Brodhun’s data which agree with the meas 
urements of other investigators are adequatdy described by the theory, 
whereas those which are not fitted by the theory are not corroborated 
by other investigators both before and after Koenig and Brodhun 

SUMSIARV 

1 A theory of visual mtensity discnmmation is proposed in terms 
of the photochemical events which take place at the moment when a 
photosensory system already adapted to the intensity 7 is exposed 
to the just perceptibly higher intensity 7+A7 Unlike previous 
formulations this theory predicts that the fraction A///, after rapidly 
decreasmg as 7 increases, does )ict mcrease again at high mtensities, 
but reaches a constant value which is maintamed even at the highest 
mtensities 

2 The theory desenbes quantitatively the mtensitydiscrimination 
data of Drosophila, of the bee, and of Mya 

3 With some carefully considered exceptions the mtensity dis 
cnmmation data of the human eye fall into two classes those with 
small test areas or with red light, which form a smgle contmuous 
curve descnbmg the function of the retinal cones alone, and those 
with larger areas, and with white, orange, and yellow hght, which 
form a double curve showing a clear inflection pomt, and represent the 
separate function of the rods at intensities below the inflection point 
and of the cones at intensities above it 

4 The theory desenbes all these data quantitatively by treating 
the rods and cones as two independently functioning photosensory 
systems m accordance ivith the well established duplicity idea 

5 In terms of the theory the data of intensity discnmmation give 
critical information about the order of both the photochemical and 
dark reactions in each photosensory s> stem The reactions turn out 
to be vanously monomolccular and bimolecular for the different 
ammals 
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RELATION BETWEEN BIRTH WEIGHT AND LITTER SIZE 
IN MULTIPAROUS MAMMALS 


Bv E V ENZMANN AkD W J CROZIER 
(From the Laboratory oj General Phystolosy, Barvard Uniiersrty, Cambridge) 

(Accepted for pubbcahon, October 4, 1934) 

I 

It has long been known that there e-asts a negative correlation be 
tween the number of young in a new bom htter of multiparous mam^ 
mals and the birth weight of the young This relationship has been 
shown to hold for rabbits (Roped, 1924, Hammond, 1921), for rats 
(King, 1915, Stotzenberg, 1915), for gumea pigs (Wnght, 1922, Ibsen, 
1928), and for albino nuce (Bluhm, 1929) In man also the relation 
ship seems to hold, Strassmann (1903) reported that triplets are 
about 5 cm shorter at birth than smgle bom 
Bluhm (1929), Wishart and Hammond (1933) and other observers 
have shown that the birth weight is influenced by a vanety of factors 
weight, age, and state of nutntion of the mother, and so forth The 
customary method of estimatmg the influence of each of the factors 
upon birth weight has been to calculate the coefficient of correlation 
between each vanahle and the bmth weight The coefficient of cor 
relation between the average birth weight of an individual and the 
size of the litter of which it is a member has been given as 

r “ —0 37 ±0 015 for the albmo mouse, by Bluhm 
r « —0 66 for the guinea pig by Wnght 

r — —0 62 (0 60) * * * , by Eaton 

r = -0 866 ±0 034and 

r — 0 718±0 043 for two races of rabbits, by Kope6 

Although attempts have not been wanting to arn\e at an under- 
standing of the mechanism responsible for tlus high correlation be 
tween birth weight and litter size, no evact formulation of the rela- 
tionship has been given In the present expenments an empirical 
791 
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equation has been obtained, and its bearing upon the possible mecha- 
nism responsible for (he correlation is discussed 

ir 

'J'he m.iteri.il \\as obtained dunng an investigation of prolonged 
gestation in .ilbino mice (En/mann, ^aphir, and Pincus, 1932) It 
consisted of a hirge senes of lie.illhy >oung feimdes of tlie Bagg albino 
strain '1 he animals were of the best breeding age, roughly between 
tlic IStli and 30tli week of age 'Jlie line has been inbred for more 

fAllIL I 


Relation bctwcfn tlie litter m/c and the a\eraf,'e v eight of the vholc litter in 
albino mice Present exrperinienf 


I liter nrc ^ 

I Utcr Mc \ II 


fn 

1 1 
2 


3 

1 89 

( 

11 i 0 122 

5 

7 70 d: 0 101 

6 

8 70 ib 0 12S 

1 

10 22 ± 0 186 

S 

10 96 ± 0 119 

9 

12 11 

10 

12 65 

11 

13 50 


than twenty-eight generations Ihc new'-born young of each mother 
were w'cighcd as early as it w-as convenient, which w'as ahvays within 
12 hours after they had been born New'-born mice wdneh had been 
fed by the mother w^ere not included The litter w'as weighed as a 
whole and the results with each group w'cre averaged 

Table I shows the birth weights of litters ranging in size from 3 to 
11 young in a litter The curve resembled that of a power function 
Plotting logarithms of average birth w^eights (log IF) against log- 
arithms of litter size (log N), a straight line is obtained (Fig 1) 

The series of animals used here is relatively small (414 individuals) 
To test the relationship, data furnished by other authors were ex- 
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amined Bluhm (1929) gives figures on the birth weights of over 
18,000 albino mice, Marshak (unpubhshed data) obtained birth 
weights on a large number of a stram of chocolate mice bred m this 



Fig 1 Relation between the average weight of whole litters and the Utter 
Eize m multiparous mammals Data on alhmo mice Present experiment 


TABLE n 


Relation between the Utter size and the average weight of whole litters m differ 
ent strains of mice Data by Gates (1925) Bluhm (1929), and Marshak (un 
published) 


litter lire N 

Birth ireigbt 

W (Gsta) 

Birth veigbt ■ 

W (Blubm) 

Birtb «eiBbt 

IV (Marsh&b) 

1 

— 

1 29 




3 74 

2 76 ' 




5 34 

3 99 

— 



5 W 

5 61 



6 15 

7 46 



1 7 14 

1 8 49 



8 12 

9 41 



8 96 

10 55 


11 43 

10 08 

11 24 


13 40 

10 70 

12 36 

11 ' 

14 63 

11 88 

1 14 43 

12 

15 84 

— 

— 


laboratory, and Gates (1925) has given birth weights of another 
stram of mice These data were recalculated and are given in Table 
II and in Fig 2 On the whole, these data give a much better fit 
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I IG 2 Relation between tlic a\cragc weight of vjiolc litters and the httcr 
S17C in multiparous mammals Data from Jlluhm (1929), Gates (1925), and 
Marshak (unpublished), on \arious strains of mice 

The double circles represent llluhm’s data, the single circles Gates’ data, and 
the half-rdlcd circles Sfarshak’s chocolate mice 

TAiJir; III 

Relation between the httcr size and the aeerage birth weight of whole litters of 
different species of rodents and of different strains of the same species Data by 
Kopc6 (1924) on rabbits, by Wisharl and Hammond (1911) on rabbits, and bv 
Minot (1891) on guinea pigs 


Litter size, A' 

Iliimlninn 

rnlibits 

(Kopec) 

Sil\cr rnliMn 
(H'/simrt nnil 
Ilnmmoml) 

Kniiliils, C slrnin 
(W'i«lnrt nnii 
Ilnmmoml) 

Rnliliits / stnin 
(Wiihnrt nnd 
Hammond) 

Guinn pta 
(Minot) 

Ilirtli wciElit, ir 

ir 

II 

II 

II 

1 

48 7 

75 0 

90 5 

mM 

85 5 

2 

94 2 

— 

176 8 


157 0 

3 

129 6 

— 

228 3 

141 0 , 

204 0 

4 

154 0 

150 8 

260 0 

172 8 

256 4 

5 

184 5 

223 5 

327 5 

206 5 

' 299 0 

6 

200 4 

240 6 

348 6 

239 4 

373 2 

7 

227 5 

265 3 

365 4 

275 8 

396 7 

8 


291 2 

409 6 

324 0 

417 6 

9 



— 

459 9 

— 

— 

10 



— 

482 0 

— 

— 

11 



1 

486 2 

— 

— 

12 



— 

542 4 

— 

— 

13 

— 

> 

487 5 
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than do our own data, chiefly due to the fact that they are based on 
larger senes 

Minot (1891) pubhshed birth weights of guinea pigs, Koped (1924) 
gave birth weights for several races of rabbits, and Wishart and 
Hammond (1933) have published birth weights on three races of 
rabbits These data have been recalculated and are given in Table 
in and Fig 3 



Fig 3 Rebtjon between the htter size and the average weight of whole ht 
ters, for different species of rodents and different strains of the same speaes 
Data by Bluhm (1929) on mice, by Kope6 (1924) on rabbits, by Wishart and 
Hammond (1933) on rabbits, and by Minot (1891) on guinea pigs 

The bbek circles represent the birth weights of a strain of rabbits from \\ ishart 
and Hammond s paper the arcles enclosing white crosses gi\ e the birth weights 
of a stram of rabbits studied by Kopc6, the circles enclosing slanting crosses 
represent data on gumea pigs b> Mmot, and the white circles show the data on 
Bluhm’s mice In order to save space the scales for different speaes on the 
ordinate were telescoped The scale marked zero at the origin is for the mice 
for the guinea pigs the ongm of the ordmate should read 1 9 and for the rabbits 1 6 

Our own results as well as those given by other observers show that 
the relation between the average birth weight of multiparous mam 
mals and the htter size may be expressed by the equation 
Air/n - K(&N/^) 
or, 
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where Ih stands for the average \\ciglit of a vholc new-born htter, 
N for the litter swt, and C and K arc constants 
We did not include in our data ('iablc I and Fig 1) litters of less 
than three }oung Very small litters arc rare and arc in many eases 
due to cmbiAo mortality One ma> therefore expect that the figures 
expressing the axcrage birth weights of xerx' small litters should be 
too low , tins IS indeed the ease, as most of the data on mice taken 
from the literature show In rabbits and guinea pigs the conditions 
are similar 


111 

Several theories ha^c been proposed to account for the correla- 
tion between the litter si7c and birth weight of multiparous mammals, 
but unfortunatel} none in its present form is capable of explaining 
all the facts 

I\Iinot (1S91) proposed that the differences m birth weight arc due 
to differences in the time of gestation This theory explains to a 
large extent the correlation between birth weight and litter size in 
guinea pigs, but fails if applied to rabbits and mice In these forms 
one may obtain large litters in a prcgnancx of short duration and 
small litters born after a comparatucly long pregnancy For this 
reason the thcor}' of Keilmann (1891) and others, that internal pres- 
sure bnngs about parturition, meets with similar difiicultics The 
tension upon the uterine muscles depends upon the size and weight 
of the embr}’’os enclosed in the utenis If partuntion depended upon 
reaching a threshold tension of the utenne muscles the length of 
pregnane}^ should be roughtl}^ inx'crsel^’’ proportional to the litter 
size This is certainly not the ease, although there is a slight corre- 
lation betw'een the length of pregnancy and the litter size (Wishart 
and Hammond, 1933, ci a ! ) 

It might also be assumed that the birth weight is a function of the 
size of the placenta There is some evidence for this xuew' Draper 
(1920) describes a case wdiere one uterine horn contained one embiy’^o 
wdiile the other horn held tw'o The placenta of each of the twins 
w^as lighter than the placenta of the single individual The junior 
WTiter observed in some cases of large litters in mice that the crowd- 
ing led to partial fusion of placentae One of the objections to this 
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theory is that it assumes a constancy of the efficiency of the placenta 
as a nutntive organ There are indications (Enzmann, unpublished 
data, Wishart and Hammond (1933)) that this is not the case m 
either the mouse or the rabbit 

Spiegelberg (1891) advanced the view that the embryos in the 
uterus release a substance, hormonal in nature, which induces par 
tuntion when its concentration reaches a definite hmit The same 
objections which were brought forward against the utenne tension 
theory also apply to this explanation The current view is that the 
length of pregnancy is conditioned by ovarian hormones (Ancel and 
Bouin, 1912, Hammond, 1917, Schafer, 1917, Wishart and Hammond, 
1933, et al) The time course of pregnancy may therefore be en 
tirely independent of the number of young earned 

Bluhm (1929) discussed this view and advanced a new one, accord 
ing to which the weight differences between litters of different sizes 
are due to the limitations of the mother in assimilatmg and in provid 
mg nourishment for the young This view is well supported by our 
observations (to be reported in a subsequent paper) that the growth 
rate of the sucUmg young depends upon the litter size m the same 
manner as does birth weight 

The relationship between litter size and fitter weight is not e\ 
plained by either theory (I) equiparfition of a hmited amount of a 
hormone which induces parturition or (2) equipartition of a limited 
amount of nutrition proxnded by the assimilating capacity of the 
mother Our experiments on the growth rate of sucUing young in 
the litters of various sizes strongly favor the second idea as a partial 
explanation 

The present results show that although birth weight depends on 
a variety of factors the litter size is (within the same strain) the most 
important Since 

an /IT = A(aA/iv) 

we have to suppose that the average increment of litter weight result- 
ing from a unit increase in N is directly proportional to IE and in 
versely proportional to iV This signifies a proportionahty between 
and the nutritive dram upon the mother, as well as an equipar 
tition among the members of the litter The remarkable fact that 
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K IS practic.illy ulcnlical, Mitliin very narrou limits (Figs 1, 2, 3), 
for various mammals, shows that the partition coctTicicnt is non- 
specific In the case of multiparous mammals, then, v\e have the 
possibility of a direct test of the theory of the partition of materials 
in "lieterogonic” grow th, of nhich use has been made by Robb (1929) 
and Teissier (193'1) 


IV 

SLMMARV 

In multiparous mammals there is a deTinitc relation between the 
litter si/e N and the total weight of the litter IF Reasons arc giv'en 
showing that this relationship is independent of the mechanism of 
parturition 

For v'arious forms IF = const Hence the av'cragc increment 

of IF due to unit increase of N is directly proportional to IF, inversely 
to N This signifies proportionahtj between K and nutntiv'e drain 
upon the mother, as well as cquipartition among the members of the 
litter K IS non-specific, and is therefore regarded as a partition 
index 
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ON THE MODIFICATION OF TEMPERATURE 
CHARACTERISTICS I 

Dv W J CROZIER 

{From the Lahoratoire Ara^o Banytih sur Afer France and the Laboratory of 
General Physiology Barvard VmTcrsilyt Cambridge Massachitsells) 

(Accepted for publication October 4, 1934) 

I 

Attempts to modify experimentally the curves relating frequenaes 
or velocities of vital processes to temperature give evidence concern 
ing the nature of temperature characteristics (Crozicr, 1924-25) In 
general these frequencies (F) or speeds are descnbable in terms of the 
equation F = i exp (— where p is the "temperature chat 

actenstic ” The empirically determined magnitudes of p are dis 
tributed in such ana) as to indicate (Crozier, 1925-26 b, Stier, 1932- 
33) that the) exhibit speci6c significance This is consistent with 
their unitary behavior in mhentance in a tested case (Fincus, 1930- 
31), and with their association with particular activities in a given 
individual organism (c/ Crozier and Stier, 1926-27 b, Stier and Wolf, 
1932-33, Crozier, Tang, and French, 1933-34, French, Kohn, and 
Tang, 1934-35, Crozier, Pincus, and Renshaw, 1934-35) It is con 
sequently unportant to examine the modifiability of p in a number of 
cases Two general possibdities are open either the frequency F 
ma) be changed by experimental treatments, without altcnng p, 
or p ma) be changed In the latter event two results are possible 
since homologous vital processes tend to show one of several discrete 
magmtudes of p, the alteration may be b) an abrupt step from one to 
another of these, or p might be found changed gradunll) and in an 
indeterminate way In the ev ent that the last possibilit) is realized, 
no cvadcnce concermng the imtial sigmficance of p is obtained one waj 
or the other, and the situation must be further analyzed But m the 
other cases important evadcncc is had that the interpretation of p as 
the molecular energy of activity of a speafic chermcal process (Crozier, 
1924) may be called for 
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The situation is complicated by the fact that definite critical tem- 
peratures occur (Cro/ier, 1925-26 a) on either side of which distinct 
values of /X obtain for a given activity In eases of this sort we may 
expect to find, accepting the theory of specific significance of ju, that 
by experimental treatment one or the other value of ju may be made to 
prevail over a greater range of temperatures, with consequent shift of 
the ciitical point Essentially this cfifcct has been realized m experi- 
ments with preparations in progressive deterioration (Crozicr and 
Sticr, 1921-25, 1926-27 a) Experiments with the frequency of heart 
be'at in Dcndronolits under the action of alkaloids (Crozicr and Stier, 
to be published shortl}’’) also demonstrate this (Crozicr, Sticr, and 
Pincus, 1929) 

Indications arc not wanting in the literature that treatment with a 
drug may modify the temperature coefficient of a given actmty, but 
these require to be controlled by the demonstration that during the 
obsen'ations the activity in question has not also been altcnng as a 
function of time 


II 

The isolated cloacal end of pedate holothurians such as MuUcna 
{SiichopKs), Uololhuria, Tliyonc, exhibits, in sea water, rhythmic 
pulsation of the cloaca and terminal sphincter for many hours (Cro- 
zier, 1915, 1916) From measurements of the frequency of pulsation 
in MuUcna (Slicliopus), /x = 12,200, in Iloloihuna captiva, jx = 20,500, 
in Thyone, 8,500, but in the intact Tliyonc, n = 12,200 (Crozier and 
Stier, to be published) These magnitudes appear to be of the group 
(including 11,300, 16,200) found for respiratory movements in general 
(cf Crozier, 1925-26 a, Crozier and Stier, 1924-25) 

Experiments with Holothuna tuhulosa of the Mediterranean, at 
Banyuls, gave for frequency of pulsation of the isolated cloacal end 
(cloacal sphincter) data collected in Fig 1 Between 10 and 20°, p. 
= 20,400 cal , from 20 to 30°, /x = 8,000 Above 20° the latitude of 
variation in frequency is markedly less than below Witlnn each 
range, however, the relative variation is independent of temperature 
{cf Crozier and Federighi, 1924—25 h, Crozier, 1929, Stier, 1932— 33) 
With the isolated cloacal ends deterioration is of course more rapid at 
the higher temperatures, and one finds (as shown in Fig 1) that in 
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different cases the maximuin frequencv of pulsation occurs at 28 5° or 
at 25°, but never beyond 30°, a decrease of frequency beyond the max- 
imum was found to entail mcomplete recovery on return to lower tem- 
peratures (oimtted from Fig 1), whereas, over the periods considered, 
the effect of altering the temperature was otherwise found to be com- 



FiG 1 Relation between frequency of pulsation m amputated cloacal ends 
of Hololhuna tubulosa and temperature in sea water The plotted pomts are 
averages of five to ten readmgs of time for one complete cj cle The readmgs for 
one mdividual (A) have been muluplied by 1 34 for another (V) by 1 22 to 
brmg them into the field of the others Readmgs m some cases made with rismg 
temperatures m others with fallmg Constant rates of pulsation m sea water 
at constant temperature for 36 to 48 hours 

pletely reversible The occurrence of ma-omum frequency betn een 20 
and 30° is determined by the age of the preparation and b> the length of 
the isolated cloaca , incomplete cloacas degenerate sooner The upper 
cntical temperature (30°) is well above that normal for H tubulosa at 
Banyuls, the lower limit for sustained pukation was 10°, all movement 
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It IS to be noted that the value of /J vnth increased NaCl agrees 
quantitatively with that assigned to the upper segment of the tempera 
ture curve m sea water (Fig 1) 

The outcome of the experiment thus agrees with the results of other 
tests, m which amputation of parts has induced change of p, but change 
to a new, definite value, rather than alteration by slow progressive 
steps (Crozier and Stier, 1924r-25, 1926-27 o. Wolf, 1927-28) 



Fig 2 In sea water with NaCl content increased, without increase ol osmotic 
pressure, the temperature curve is altered Lmes added from Fig 1 For one 
individual the readmgs have been multiplied by I 3S 


IV 

The effect of increasing the NaCl content of the sea water has been 
to alter the temperature charactenstic of the frequency of pulsation in 
amputated cloacal ends of ff (ubttlosa In doing this, the frequency at 
higher temperatures has been lowered, at lower temperatures in 
creased, while within a certain range of temperature the frequency 
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trolling position It may be suggested as an important deduction that 
inquiries of the sort here imtiated may provide a new and necessary 
method for the study of the effects of salts, and mdicate a basis for the 
reconcihation of otherwise contradictory findmgs If the primary 
effect consists in a change of temperature charactenstic it may be 
comparatively irrelevant whether a given activity is enhanced or 
dimimshed This consideration apphes with equal force to the treat- 
ment of the effects of alkaloids 


V 

SUMMARY 

The temperature charactenstics for frequency of pulsation in iso- 
lated cloacal ends of Boloihuria tubutosa are n = 20,400 from 10 to 
20°, 8,000 from 20 to 30° The critical temperatures 10°, 20°, 30° 
are related to thermal conditions in the environment 
In sea water with doubled NaCl content ii = 8,000 from 10 to 30° 
This is consistent with the speafic nature of the temperature 
charactenstics 

The primary effect of increased NaCl is to alter the temperature 
charactenstic curve At low temperatures the frequency is increased, 
at higher temperatures diminished The effect upon frequency is 
thus of less sigmficance It is pointed out that such relationships 
must be taken into account in analyzing the action of reagents upon 
organisms 
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STUDIES ON BLOOD COAGULATION 


III On 'niE CoNSTANC\ or the Hydrogen Ion Concentration 
DURING THE COAGULATION OF FiBRINOGEN BY THROMBIN 

Bv HARRY EAGLE* AND J P BADMBERGER 
(From the Department of Physical Chemistry in the Laboratories of Physiology, 
The Hanard Medical School the Collis P Buntington Memorial Hospital, 
Harvard Omversity Boston and the Department of Physiology, 

Stanford University) 

(Accepted for publication October 6 1934) 

Kugelmass and Stuber and Lang have reported that the coagulation 
of blood or solutions of fibrinogen is accompanied by an increased 
alLalinity of the free fluid, which the former defimtely asenbes to an 
absorption of hydrogen ions by the clot Hirsch, however, reports 
an increased acidity, and suggests that it is the actual cause of coagula 
tion, and Hekma in claiming that fibrmogen is the alhahne hydrosol 
of fibnn, impUes that he beheves its coagulation to be due to an aadifi 
cation of shed blood Finally, Havard and Kerridge report that 
the tune-pH curve of shed blood is unaffected by coagulation 

Clearly, the matter requires rcmvestigation If it could be proved 
that the transformation of fibrinogen to fibnn is mvanably accom- 
panied by a change m the hydrogen ion concentration of the free fluid, 
such a change would offer a valuable clue to the essential difference 
between the two proteins 

With this in imnd, thrombin was added to solutions of horse and 
rabbit fibnnogen, and the pH followed potentiomctncally 

Fibnnogen and thrombin were prepared as desenbed in a preceding 
paper (Eagle) Error due to loss of COi w as immmizcd by using a 
fibnnogen solution in equilibrium with air The prothrombin used in 
preparing the thrombin was adjusted to approximately pH 6 5 pnor 
to the addition of CaCU, in several expenments using dilute NaOH 

• NaUonal Research Council Fellow in Mcdiane 1932-33 
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the phenomenon of coagulation, the change in the pH of the unbuffered 
fibnnogen solutions used in the foregoing expenment would have been 
of the order of 1-2 full pH units Even if only one equivalent of free 

TABLE 1 


The Conslaficy of pB during the Coagulalton of Fibrinogen by Thrombin 



ObsCTNCd 

polentt&I 

Maximum 
shift in pH 



Mr 


Ffaospbite buSer at 6 61 

F'bnoogen solution (1 34 per cent In 0 SS per centNaCI) 

Tanperatiirc ZCF 

0JS34 

0J870 


P « 




3 19 

0 5 cc thrombin containing 1/400 m phosphate buffer 




at pH 6 64 added to 10 cc fibnnogen solution 



3 20 

1 1 

0 2875 


3 22 


0 2875 


3 24 


0 2894 

±0 03* 

3 25 

(Clot) 

0 2894 1 


3 29 


0 2894 1 


3 31} 

1 1 5 CC unbuffered thrombin added to 10 cc fibnnogen 



3 32} 

i 

1 0 2891 


3 33} 

1 

1 0 2891 

1 

3 35 

(Clot) 

0 2891 

0 

3 36 


1 0 2391 


3 41 


1 0 2S91 


3 48 1 

1 

Supernatant obtained by expressing the clot 

1 0 2890 


3 52i ' 
3 53 

0 3cc unbuffered tbrombm added to 10 cc fibnnogen 

1 

1 

0 2874 


3 56 


, 0 2832 


3 59 


0 2879 

±0 013 

4 00 

(Clot) 

0 2879 


4 18 I 


0 2879 


4 35 1 

Supernatant expressed from clot contains 0 11 per cent 



i 

protein therefore more than 90 per cent of the fibnn 
ogen had coagulated 




* Witbin Imut of error of the method used 


H or OH were liberated per mole fibnnogen, this would mean 0 013 
m •eq per gm fibnnogen,^ and approximately 0 00017 m eq per cc 

^ Assuming a molecular weight for fibnnogen of 75 000, mtennediate between 
the accepted values for serum albumin and scrum globuhn 




STUDIES ON BLOOD COAGULATION 

IV The Natuse oe the Clotting Deeiclencv in Hemophilia 
B v HARRY EAGLE 

(From the Department of Bacteriology^ School of hFedicine, University of Penn 
sylvania Philadelphia and the Department of Physical Chemistry in the 
Laboratories of Physiology The Harvard Medical School^ Boston) 

(Accepted for publication January 4 19IS) 

Numerous explanations, recently summamed by Wohlisch, have 
been offered for the delayed coagulation observed in hcmophiba, the 
presumable cause of the bleeding tendency According to Sahli, 
Nolf, hlorawitz, Minot and Lee, Howell and Cehada, and Chnsbe, 
the platelets of hemophilic blood are excessively stable, failing to dis 
integrate and yield the platelet factor essential for coagulation Hotv 
ever, Addis Uinger, and more recently, Feissly and Fried maintain 
that the platelets are functionally normal The latter find hemo 
phihc blood to be deficient m prothrombm, this defiaency presumably 
explaining the retarded coagulation Addis, however, reports a 
qualitative difference m so far as the prothrombin of hemophilic blood, 
although normal m quantity, is more slowly activated by Ca and the 
cell factor to form thrombin These findmgs are disputed by Howell 
and Cekada 

Clearly, all these thcones cannot be correct, and the expenments to 
be described seem to confirm the observations of Addis The plate- 
lets of normal and hemophilic* blood compared quantitatively with 
respect to their effect upon the coagulation of platelet-free horse or 
human plasma, are found to be indistinguishable Both types of 
platelet suspension accelerate coagulation to the same degree, and 
both accelerate the production of thrombin from prothrombin to the 
same degree, no matter what type of plasma is used, whether oxalated, 

* Dr \V B Chew of the Boston City Hospital Thorndyhe Laboratory kindly 
furnished the blood from hemophilic patients under treatment or obseryation for 
use m these experiments 


813 




HARRY EAGLE 


815 


incubated for | hour, and its thrombin activity then tested by addmg 
serial quantities to 1 cc of pure horse fibnnogen solution There was 
no demonstrable difference between any of the four hemophihc plasmas 
and five normal human controls 

2 The Coagulaling Achvtly of Hemophthc Platelets Is Normal — 
Senally decreasing quantities of similar washed suspensions of normal 
and hemophihc platelets were added to 1 cc of atrated (o) normal 
human plasma, (J) hemophihc plasma, (c) horse plasma, and {d) horse 
prothrombin solution, CaCls was then added and the coagulation time 

TABLE 1 

Showing That There Is no Dijerence in the Coagulating Activity of Normal and 
Bcmophiltc Platelets 

(Numbers m the bodv of the table mdteate coagulauon time m minutes) 



1 

Type of platelets 

1 

j Platelet suspenuon 

0 4<e. 

Olte 

0 025 cc 

0 0062te. 

Oce. 

Kortoal human plasma 

Normal 

4 

6 

9 

IS ' 

18 

oxalated 

Hemophihc 

41 

6 1 

10 

17 ' 

19 

Kormal human plasma 

1 Normal 

5 

7 

9 1 

12 

25 

atrated 

Hemophihc 

5 

6 

8 1 

12 

25 

Hemophihc plasma ci 

1 Normal 

9} 

14 

25 

40 

90 

trated 

1 Hemophihc 

81 

13 

19 

32 

90 

Hemophilic plasma a 

Normal 

16 

23 

1 35 

60 

180 

trated 

1 Hemophihc 

17 

28 

1 40 

65 

185 

Horse plasma oxalated 

1 Normal 


1 20 

, 42 

No clot m 2 hrs 


Hemophihc 

! ‘ i 

1 19 

1 40 

No clot m 2 hrs 


noted The human plasmas had been freed of platelets by centrifuga 
tion, the horse plasma by centnfugation and Berhefcld filtration 
The amount of 0 1 M CaClj used was usually 1 /S the plasma volume for 
human citrated plasma (0 5 per cent), and 1/2 the plasma volume for 
horse plasma With oxalated plasmas, four tunes the amount neces 
sary to combine with the oxalate stoichiometncally was used In 
each experiment, the total value was always brought to two times the 
volume of plasma bj adding 0 85 per cent NaCI In no case w as there 
any significant difference in the coagulating activity of normal and 
hemophilic platelets (Table I) 

2 The Prolhrombiu Content of Hemophthc Plasma Is Normal — 
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Prothrombin was prepared from platelet free normal and platelet- 
free hemophiUc plasma To I cc of each prothrombm solution w as 
added 0 1 cc of CaClj and the course of thrombin production followed 
quantitatnely {cj Eagle) As is shown in Fig 1, the hemophilic 
prothrombin is converted to thrombin much more slowly than is 
normal prothrombm, but the amount of thrombin ultimately formed 
IS normal Smee the latter depends solely upon the prothrombm 



Tic 1 Shoi^mg the slow forraaUon of thrombin from hemophilic prothrombm 
as compared with normal prothrombm 

concentration (Eagle), it follows that prothrombm of the hemophilic 
plasma is normal in quantity, but is converted to thrombin onlj tvith 
difficulty The addition of a fixed quantity of platelets accelerates 
the thrombin production in both solutions markedly, but the hemo 
philic prothrombm still lags behind the normal prothrombin How 
ever, the amount of thrombin ultimately formed is not significantly 
affected by the platelets 
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'I hr Ljjift of ( cf'htihu !tf>on JIniiof>hili( Blond —Ont additional 
j)Oinl nia\ Ik' liricih iin ntiom-d In the t.ise of normal pla‘;ma, platc- 
Uts and aphalin an to a (irl itn (Mint inti rehanpn ahl( both accel- 
erate llu (r.m'^formation of prothrombin to thrombin, and tlui-, shorten 
Dm (oipiilalion lime fl a/'h ; U has ju-.t })un seen, the retarded 
eoutiilation of lumojdiilu blood is lar/n h due to tlu retarded forma- 
tion of thrombin Ibis can In tom[)(nsiled for b\ adding an cveess 
of jilittlels ((j)halin, hovteir, is tinaecoiintablv inefteclnc in 
aeccIeraliiiK thrombin formation and eoagiihtion in hemo[)hiIic blood 
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>00 

2s 

T> 





40 


* Platelets not rcniosed 
t IJcrkcfclcl filtrate 


(liable III) Tins pua/hng fact, first noted b^ Mills, requires further 
investigation, and may pro\nde a clue to the nature of the missing 
factor in hemophilic plasma 


SUMM \R\ 

Despite their reported stability, the platelets of hemophilic blood 
function normally The prothrombin content of sucli plasma is also 
nonnal Confirming the findings of Addis, the delayed coagulation 
observed m hemophilic blood is due to an unexplained retarded activa- 
tion of prothrombin to thrombin The addition of an excess of plate- 
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lets, 'whether normal, hemophilic, or animal m origin, accelerates 
thrombin production and makes hemophilic blood dot normally, but 
cephalm, despite the fact that it accelerates thrombin production m 
normal plasma, is une’qilamedly ineffective ■when added to hemo- 
philic plasma 
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THE ELECTRIC IMPEDANCE OF HEMOLYZED SUSPEN- 
SIONS or MAMMALIAN ERYTHROCYTES 

By HUGO FRICKE and HOWARD J CURTIS 
(From the Waller B James Laboratory for Btophystes, The Biological Laboratory, 
Cold Spring Barbor, Long Island) 

(Accepted for publication, October 6 1934) 

Determinations of the complex impedance (measured m terms of 
resistance and capaatance) have already provided a means of charac 
tenzing the surface of the red corpuscle (1) This paper is concerned 
with an extension of this method to a study of hemolysis 


EXTERRfENTAL PROCEDURE 


The impedance of a suspension of cells raa> be represented as a resistance and 
a parallel capaatance which, per centimeter cube of suspension, are referred to 
as the resistivity R (ohms cm ) and the capacity C (micromicrofarads-cm 
of the suspension 

The values of R and C at frequencies between 1/4 and 2000 hilocy des per second 
were measured with a tVheatstone bridge using a substitution method (1) The 
electrolytic cell containing the corpuscles is replaced by a similar cell filled with a 
salt solution of the same resistance and connected in parallel to a condenser (of 
negligible inductance) The function of the bndge is solel> to indicate the 
existence of electrical equivalence m the two cases The capaatance of the 
suspension is obtained b> adding the static capacitance o! the comparison cell to 
the capaatance of the parallel condenser The staUc capacitance of the com 
panson cell equals 


D_ 9_ 
4rA 10 


U 

A 




where D is the dielectric constant of water (79 at the experimental temperature 
of 21 4 C ), and K is the cell constant 
The same procedure of substitution was used from 2000 to 16 000 kiloc) des/sec 
but a resonance method was used instead of the bridge to indicate the existence 
of equivalence 

The electrolytic cells are cylindrical with one electrode mounted on a micrometer 
screw which allows a fine adjustment of the resistance of the comparison cell to 
be made The electrodes arc of platinum and coated with platinum black to 
821 
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flccrci'^c (he polariMtion \( (he Iowc‘>( /rcqijcncic 5 , (his pohnzntion nt the 
c!cclro<!cs nnj be npprcrnlilc Its influence is eliminated b> mnhng measure- 
ments al (uo (iifrcrcnl dist incc'- of the electrodes 'J he influence of (he polanra- 
Iton is the •■nnllcr the further the cltelro/lcs arc .ijnrl In certain eases, an 
elcctrohtic cell v a*- used v here the maximum electrode separation vas 20 cm 
'J iic area uas K) sf| cm and the \olumc about ^00 cc 

^ ortral C orpiischs 

At. low frcquciKiis tht resistixitx of the red corpuscle is xerj high 
compared to that of the serum,' niul me.asurt merits of the complex 
impedance indiente that this high rtsisiuitx is derived from the sur- 
face of the torpiisele, while Ks interior is composed of a fluid haxinga 
rcsistivit) and a dieleelric constant not greath difTcrtiil from that of 
normal strum ‘ 'J he surface of the coqauscle acts as an electric con- 
denser With a rather small power loss 

'J he values of C and A’, for blood of the rabbit, arc shown in Fig 1 
as functions of the frequenev At the lower frequencies C and R are 
also shown in .i magnified scale Oiir earlier measurements (4) did 
not go below 1 f ilocv cles and from these it appeared that C and R 
were constant at the lower frcqucneics 'J he present extension of the 
frequency range down to J kilocvcle shows, however, that this is not 
llie case, hut that a rise in C and R occur^ at the lowest frequencies 

A unit surface of the corpuscle m.av he represented as a complex 
impedance, the parallel components of which arc the surface capaaty 
C„ (micromicrofarads/cm -) and the surface rcsistix itv A’„ (ohnis/cm-) 

The phase angle 0, which is alwajs small, is gixcn by tan 0 = - — -rrr 

W’here it is the frcqucnc}’’ of tlic alternating current 

' This may be concluded from (he excellent agreement between the obsened 
X'aluc of tlic resistance of a suspension of red corpuscles, and that calculated 
thcorcticallv (2) assuming infinite resistivity of the corpuscles More direct 
evidence is obtained by measuring the resistance of a dense mass of cells, packed 
by centrifugation Values of the resistance from 30 to 40 times the resistance of 
tlic scrum arc then obtained The temperature coefiicicnt of tins resistance 
(measured between 0 and 37‘’C ) is found to be the same as that of tlic scrum, which 
suggests that to a great extent tins resistance is due to the serum still left between 
the corpuscles 

"The resistivity of the intenor fluid is about twice that of the scrum (3) 
(rabbit, sheep, and chicken) 
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From the observed values of C and R, C„ and R„ may theoretically 
be derived if we know the resistivities and dielectnc constants of the 
inter and intracellular fluids, and the form and volume concentration 
of the corpuscles A discussion of this problem will be given at an- 
other place For the spherical form, a theory has been worked out by 



Fiij 1 Resistivity (R) and capaaty (O for a suspension of normal rabbit 
corpuscles 


Cole(5) At sufficiently low frequencies the foUowmg formulae are 
vahd 

^ 2/3 (C- 0(1 + jp)' (jj 

a a p 

_i_ ^ 2/3 q/i; - i/j? ) u i p)^ ^2) 

Rwt a (t p 

where 2a is the major axis of the corpuscle, a a constant dependent on 
the form of the corpuscle, and p the volume concentration The \ alue 
of a IS not knoivn, but we have earned through the calculation by 
assuming the corpuscle to be equivalent to a sphere, in which case 
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Size of the corpuscles, since by (1) and (2) such values are given by (C 
— C.) and (1/iJ — l/R,), respectively Curves in which these values 
are plotted accordingly afford the most practicable way in which the 
present method can be used to characterize the corpuscle surface 
Smce C, IS small and constant, these relative values of €„ are practi- 
cally given by the values of C At the higher frequencies the calcula 
tion of even relative values mvolves the form of the cotpuscle Owing 
to the pecuhanty of the form, an exact theory would be difficult, but 



Fig 2 Surface conductivity (1/84 and surface capacity (Cm) for normal and 
hemolyzed rabbit corpuscles 

calculations have been earned out under sunphfying assumptions as 
to the form These show that C„ and R„ remain constant or very 
nearly so at high frequencies The value of d is small at all frequenaes 
For a tentative interpretation of the surface impedance of the red 
corpuscle, it may be assumed that the latter is surrounded by a mem 
brane which has a small selective ionic permeability When placed 
in an electnc field, it therefore shows a small conductivity, due to the 
small ionic transport across it, and a polarization due to the difference 
in permeability to anions and cations At high frequenaes, the in- 
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fltiind of thic, polnnrulion is rurlipblc/ and the \a!ut of C„ is then 
the si.ilic ( .iji.u itaiirt of tin iminhr.im, aiul 1/A’,, n presents thecon- 
diictiMl} fiiK to llu loiiK inoecrndit of the lon-i m the membrane, as 
v.dl as ill it tiiu to ,ni\ duhrlric ^o^s pre (iil ^inre elp'lectnc con- 
st nits jmu r ilh fI(})'M<lon ih( frt fjti( rue , .ind sine (. a efielectnc loss is 
probabK j)re-tnl, neither nor AV eonhl he eepecteel to remain 
constant it hi; h freejiiirie i< Ifoaceer, .< inon t .'ct method of 
calculating „ nul isnouind before the e \pecteel ekena-e can be 
est ibli^-luei \t In,', fre qti( ne n •, the inlitience ot the polanaation 
become s appn eiabk, h idiii"’ to .m increase of ( „ anei A’„, as obsened * 

lit II nhs'S 

Giirr,:! -In npplMn;: iht-t method^ to a sttieh of hcmoi}->is, ue 
ln\e U'-ed suspensions of red corpiisth htmol\/ed v ith v.ater, v.ith 
%arious chernic d i\ ^ins (inchirlin/' s 'ponin, toinfdemenl and ambocep- 
tor, sodium tauroehol.'ie, and <ii'tite)nint and In frec/ing and thav\ing 
Kabbil corpuscle'. v,ere used throughout except in the exjienments 
xMtli comiilenunl anel amboceptor, vhich v.cre carried out with sheep 
corjmscles Measurements ha\t been maelt on completeh hemoh/ed 
suspensions onh It has imt been found possible to obtain significant 
results for partialh liemoh/td suspensions, ov.mg to a marl eel depend- 
ence of the xalue-, of C and A’ on stirring 

In I'jg 3 arc show n the cure cs for C and R obtained for a suspension 
of rabbit corpuscles licmohacd In adding tliree parts of xxater to one 

" Compare with obstnations cm pohn. ition at metal electrodes (") 

* ('\ddcd I tbru.arc , 19’s ) Recent worl Ins shown tint there ma\ be another 
cxphmlion of the rise of C and A’ at low frequencies Since the red corpuscle 
migrates in an electric field, u must be charged and therefore must ha\c a diffuse 
ionic double la\cr at its surface Some small part of the conductance of a cell 
suspension must be derived from this double haver, this being what is gencrallv 
referred to as surface conductance On theoretical grounds we should c-tpcct the 
electric current passing through the double hjcr to become polarized and this 
polarization would result in an increase of C and K as the frequence decreases 
Such increases have actuallv been observed in suspensions of non conducting par- 
ticles such as rouge, sulfur, and p irafiin oil While the increase in C and K, at 
low frequencies, may be of this ongin in the case of normal corpuscles, m the mean- 
time it still seems to us reasonable to suppose that the still greater increase of C 
and R observed in the case of liemoljzcd corpuscles, is due to an increased perme- 
ability of the cell membrane, as stated m the teat 
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part of packed corpuscles The large value of C and the general simi 
lanty of these curves to those for normal corpuscles give evidence of 
the presence of “cells” in the hemolyzed suspension A difference 
from normal corpuscles is shown by the more pronounced nse of R 
and C at the lower frequencies 

For the theoretical mterpretation, the determination of the re 
sistivity of the intercellular flmd of the hemolyzed suspension is re- 
quired The intercellular fluid cannot be separated by centrifugation, 



Fig 3 Resistivity (R) and capacit> (C) for a suspension of rabbit corpuscles 
hemoljzed by adding three parts of water to one part of packed corpuscles 

but the following two indirect methods have been used for the 
determination 

1 At the frequency of 16,000 kilocycles the resistivity of the hcmo 
lyzed suspension becomes nearly constant (Fig 3) By an extrapola- 
tion the resistivity at “infinite frequency” is determined At infinite 
frequency , the impedance of the cell membranes is negligible and there 
fore this extrapolated value, R„, is the rcsistmty which would be 
obtained at low frequency if all the cell membranes could be removed 
xnthout any other change taking place If we make the reasonable 
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assumption that after hemolysis the intercellular and intracellular 
fluids are identical, it follows that gives their resistivity 
2 The addition of sufficient saponin to the suspension completely 
destroys the membranes of the cells, leaving a homogeneous fluid, as 
will be shown later With a suitable correction for the influence of 
the added saponin, the resistivity, of this fluid should equal that 
of the intercellular and intracellular fluids 



Fig 4 Stromatolysis of the hemolyzed suspension of Fig 3 with saponin, in 
order to obtain the resistivity of its suspending fluid Resistivity (R) and 
capacity (C) as functions of saponin concentration 


The values obtained by these two methods are found to be in satis- 
factory agreement The average value is used as the resistivity of the 
intercellular fluid 

The procedure may be illustrated by the results on the suspension to 
which Fig 3 refers For R„, the value R = 340 ohms is obtained 
In Fig 4 are shown C and R, at 128 kilocycles, as functions of the 
amount of saponin added (given in milligrams per cubic centimeter of 
suspension) The destruction of the cell membranes is indicated by 
the decrease of C and R When more than 4 mg of saponin have 
been added, R changes slowly and at a constant rate, and C is very 
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nearly zero At the same time, it is found that R and C become 
mdependent of the frequency (The small final value of C of about 
1 li/i F corresponds to a dielectric constant nearly equal to that for 
water ) These facts mdicate that complete destruction of the mem- 
branes has taken place Evtrapolatmg the straight part of the curve 
for R back to zero concentration of sapomn, the value R,,^ = 342 
ohms IS obtamed This value is in good agreement with the value 
for = 340 ohms The average Ri = 341 ohms is taken as the 
value for the resistivity of the intercellular fluid 
We now make use of the following formula (2), 



tl 


C4) 


where R, Ri, and Ri are the resistivities of the suspension, suspendmg 
fluid, and suspended cells respectively, where X depends on Ri/Ri 
and on the form of the cells, and where p is the volume concentration 
The form of the hemolyzed cells is unknown, but there is evidence that 
they change to the spherical form just before hemolysis occurs (61, 
and although we do not know that they retain this form, we have as- 
sumed them to do so, giving X = 2 The error introduced, even with 
a considerable deviation from the spherical form, is comparatively 
small 

We introduce now 


p, » 2p 





(5) 


where J?i is the resistivity of the hemolyzed cell at low frequencies 
We term p, the equivalent non conductmg volume concentration It 
IS the true value of the volume concentration only if Xi = «> , that is, 
if the hemolyzed corpuscles are non-conductmg at low frequenaes 
The value of p is determmed from 


p 


2 





( 6 ) 
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which IS obtained by substituting (5) in (4) with Z = 2 and where R„ 
IS the low frequency and practically constant resistivity of the 
suspension 

The value of p„ is most conveniently expressed as a fractional part of 
Pi, where pi is the volume concentration of the original suspension As 
an example of the calculation of PoIpi, consider again the suspension of 
Fig 3 The low frequency resistivity of the suspension is Rc = 662 
ohms The resistivity of the suspending fluid was determined above 
to be Ri = 341 ohms Therefore, from (6), p^ = 38 5 per cent The 
packed suspension, from which the hemolyzed suspension was pre- 
pared, was found, from its electrical resrstance, to have a volume con- 
centration of 95 per cent The addition of water m the relation 1 3 
reduces this volume concentration to pj = 23 8 per cent, giving p^/pi 
= 1 61 

W aicr — Several experiments were earned out in whicli the volumes 
of water added to produce lysis were varied from three to nineteen 
parts of water for each part of packed corpuscles The values of C 
and R showed no change with time, during observations extending 
over several hours No measurements could be made, however, until 
a few minutes after hemolysis was complete Values of po/pi between 
1 45 and 1 65 were obtained, with no apparent dependence on the 
volume of water used The average was po/pi = 1 54 This factor 
gives a reasonable value for the swelhng which the corpuscle would 
undergo before hemolysis takes place This agreement shows that the 
resistivity (at low frequencies) of the hemolyzed corpuscles is high 
as compared with that of the suspending fluid Since we do not know 
either the exact volume of the hemolyzed corpuscles or their form, an 
accurate determination of the resistivity of the hemolyzed corpuscles 
IS not possible by this method 

The calculation of the surface resistivity R,„ and the surface capacity 
Cm of the hemolyzed corpuscles is carried out by the same method as 
used for normal corpuscles For this purpose we assume that the 
hemolyzed corpuscle is spherical, giving a = 1 50, and that its volume 
is po/pi times that of the normal corpuscle, which for rabbit is taken to 
be 57 ju® (6) From the volume, the diameter is determined The 
dielectric constant of the inter- and intracellular fluids is taken as 
equal to that of water, Z) = 79 
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In Fig 2 C„ and 1/J?„ are given as functions of the frequency 
The values show no systematic dependence on the amount of water 
used to produce lysis, and the curves represent averages of all expen 
ments Since the values of l/2?„ can be expressed only as differences 
from an undetermined constant, the curves for l/i?„, for water, as 
well as for the other lysins used, have arbitrarilj been made to agree 
with the one for normal corpuscles, at 250 cyclcs/sec. The constant 
value of C„, obtamed at high frequencies, is the same as that found 
for normal corpuscles, which shows that lysis produces no change in 
the static capacitance of the membrane The injury to the corpuscles 
due to the l>sis is shown by the changes in C„ and l/f2„, at low fre- 
quenaes These changes are presumably due to an mcreased ionic 
permeability of the membrane, and it may be worth noting that since 
the lysis produces a change m the frequency dependence of Cm and 
X/R„, this mcreased permeabihty cannot be due to a rupture of the 
membrane, as has sometimes been proposed, but must be due to an 
actual change in the membrane itself 
Sapomit — ^An important difference between osmotic lysis and 
chemical lysis is shown by the fact that m the latter case, C and R 
do not become constant untd a considerable time after hemolysis is 
complete, dunng which ponod both decrease This may be seen from 
Fig S which shows C and if, measured at 128 kilocycles, plotted 
against the tune, after the addition of 0 1 mg /cc of saponm to a 
39 per cent suspension of rabbit corpuscles in saline The initial 
mcrease of if is due to the release of the hemoglobin and gives a graphi 
cal representation of the course of the lysis This is complete in 8 
minutes C and R do not become constant until 30 minutes later 
As the concentration of saponin is increased, these final values of C 
and if decrease untd, with the addition of sufficient saponin (compare 
Fig 4), if reaches a final low value, whde C reaches the low xalue 
(about 7 pmF) characteristic of a homogeneous aqueous solution 
At the same time if (as well as C) becomes independent of the fre 
quencj The curves m Fig 6 represent these final values of C and if, 
as functions of the frequency , for suspensions of rabbit corpuscles in 
sahne, hemolyzed with three different quantities of saponin The 
ongmal volume concentration of the suspension was in each case 39 
pe r cent , and in a suspension of this concentration 0 02 mg of saponin 
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Fig 5 Resistivity (R) and capacity (C) as functions of tune after the addition 
of 0 1 mg /cc of sapomn to a 39 per cent suspension of normal rabbit corpusdes 
in saline 
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per cc of suspension is required to produce 50 per cent hemolysis 
The form of the curves, at low f rcquenaes, shows evidence of injury to 
the membranes of the corpuscles of the same type as that found after 
osmotic lysis, and to an increasing extent as the concentration of the 
saponin increases 

From the facts given it follows that with a large amount of saponin 
the membranes of all the corpuscles become completely permeable, the 
reasonable inference bemg that dismtegration has taken place For 
the case of the suspensions to which sapomn has been added in more 
moderate concentrations, it is found most satisfactory to assume that 
the decrease of C and R, which takes place after lysis, is due to the 
disintegration of the membranes of a certain number of the corpuscles 
while the remainder are injured to a slight extent only, retaining in 
particular a high resistance, as compared with that of the intercellular 
fluid These remaining cells, as regards our measurements, are the 
only “effective” cells of the suspension As the concentration of 
sapomn is maeased, the number of dismtcgratcd corpuscles increases, 
until with suffiaent saponm, all corpuscles are so affected The es 
sentiai point which is brought out by this evidence is that as the injury 
proceeds, the permeabihty of the membrane of the corpuscle does not 
mcrease steadily, but the mjury ends with a kind of all-or none process, 
during which the membrane passes from a state of high to one of 
negligible resistance 

Smee It IS assumed that the resistivity of the effective cells is high 
as compared with that of the mtercellular fluid, the values of C„ 
and l/Rw. can be calculated by the method used for normal corpuscles 
For this purpose we assume the corpuscles to be spherical, givmg a 
= 1 SO, and we assume furthermore that their volume is the same as it 
was originally By these assumptions, the diameter 2a is determmed 
The graphical representations of C» and 1/iC, given m Fig 2, arc for 
the suspensions, for which data arc given m Tig 6 The curves con- 
firm the statement made as to the general similanty of the injury pro- 
duced by sapomn and by water The fact that the constant vine of 
C„, at high frequetiaes, is the same as that for the normal corpuscle, 
lends justification to the theoretical treatment used 

It may be assumed that the disintegration of the membranes of the 
corpuscles is related to the gradual disappearance of ghosts noted 
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when increasing concentrations of saponin are added to a corpuscle 
suspension, and usually referred to as stromatolysis Although the 
t\N 0 phenomena ma}’- not be identical, we may for the present desig- 
nate them by the same term 

The volume of the stromatolyzed corpuscles, as a percentage of the 
original volume of the corpuscles, is given by 100 (1— p<,/pi) We 
refer to this term as the “percentage stromatolysis ” Fig 7 shows 



Fig 7 Percentage stromatob sis as a function of saponin concentration for a 
40 per cent suspension of rabbit corpuscles in sabne 

the percentage stromatolysis as a function of the concentration of 
saponm, for a 40 per cent suspension of rabbit corpuscles m sahne 
Complement and Amhoceplor, Sodum Tavrocholate, Dtgtiomn — 
The results obtamed are m general the same as those for sapomn 
Expressing the quantity of a lysm in terms of that required to 
produce 50 per cent lysis, it is found that the stromatolysis produced 
nnth complement and amboceptor is considerably less than that 
produced with the correspondmg quantity of saponin Stewart (8) 
noted that the electric resistance of a suspension of red corpuscles 
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hemol>zed mtli saponin was less than when lysis was piodnced -with 
complement and amboceptor, and drew from this observation the 
conclusion that the pigment and the electrolytes were hberated each 
independently of the other This conclusion is not justified since it 
does not consider the difference m stromatolysis, and we have found no 
indication of any such differential hberation of pigments and 
electrolytes 



Fic 8 Resistivity (K) and capaaty (C) for a suspension of rabbit corpuscles 
hemolyzed by freezing and thawing four times with carbon dionde snow 

Freezing and Tkaivtng — In Tig 8 are given C and R, as functions 
of the frequency, for a 74 per cent suspension of rabbit corpuscles, 
frozen and thawed four tunes with carbon dio-nde snow The value 
of p /pi = 0 43 Repetition of the freezing leaves the general form 
of the cun es for C and R unchanged, but the value of p«/pi decreases 
We are doubtful about the interpretation of these curves, and have 
not attempted to derive the values of C„ and 1 /R„ The form of the 
curve for C appears to indicate a distinct difference between lysis 
produced by freezing and thawing and by the other lysins used 
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SUMMARY 

This paper is concerned with the changes in the electric surface 
capacity and surface resistivity of the membrane surrounding the 
mammalian red corpuscle, as a result of vanous types of hemolysis 
In the case of hemolysis with water, the cells swell with no apparent 
change in the electric properties of the membrane They then hemo- 
lyze, but the membrane persists, although showing evidence of injury, 
as indicated by a change in the frequency dependence of its capacity 
and resistivity at low frequencies The fact that a change of the fre- 
quency dependence takes place shows that the injury cannot be due 
merely to a rupture in the membrane, but must be due to changes in 
the properties (increased permeability) of the membrane as a whole 
With chemical lysins (saponin, complement and amboceptor, digi- 
tonin, sodium taurocholate) a similar type of injury to the membranes 
of a certain number of the corpuscles takes place, to an mcreasing 
extent as the concentration of lysm is increased The rest of the 
corpuscles become completely permeable to the electric current, and 
as the amount of lysm is increased, this number of completely perme- 
able corpuscles increases until all are affected This change, presum- 
ably associated with a disintegration of the corpuscle membrane, is 
referred to as stromatolysis, and the method gives a quantitative 
means of detenmnmg percentage stromatolysis 

For lysis by freezing and thawing, the results obtained indicate this 
type of lysis to be different from that of the others studied 
In its earher stages, this work was carried out m collaboration with 
Dr H Goldblatt of Western Reserve University For the greater 
part, we have had the benefit of the active interest of Dr E Ponder 
of this laboratory 
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I 

INTRODUCTION 

The common smooth dogfish, Mtisleltis cams, has two extreme tints 
of skin, a light one due to the concentration of its melanophore pig 
ment and a dark one resulting from a dispersion of this colormg matter 
The dispersion of the pigment is exated by a neurohumor produced 
in the pituitary gland and earned from that gland to the melanophorcs 
by the blood (Lundstrom and Bard, 1932) The concentration of this 
pigment is the result of speafic, local, nerve action by nerve fibers in 
all probabihty from the autonomic system and sympathetic in ongin 
(Parker and Porter, 1934) It is well knorvn that the defibnnated 
blood of a dark dogfish when injected into a hght one will call forth 
a temporary dark spot in the skin of the recipient (Table I, 16), but 
It will ha\ e no effect upon the skin of another dark fish Defibnnated 
blood from a light dogfish, however, is without effect upon the skm of 
either hght or dark individuals (Tabic I, IS) If a neurohumor is 
produced by the concentrating nervous mechanism of the dogfish, it is 
not water-soluble, for, unlike the dispersing humor, it does not occur 
m the blood From work done on Fundulus and on Amnitrus (Parker, 
19340, 19344) such a concentratmg neurohumor has been demon 
strated to exist and since this ncurohumor is known to spread from 
place to place and yet is not earned in the blood (Matthews, 1933), it 
has been suggested that it is oil soluble and that its means of transfer 
IS through the hpoid constituents of the integumentary cells (Parker, 
1934 a) 

Is there any evidence that such an oil soluble neurohumor exists 
in the dogfish or is the action of the concentrating nerve fibers in this 
animal of an entirely different nature? This question will be discussed 
m the following pages ^ 
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n 

M elhods 

In the smooth dogfish the parts of the integument that show the most pro- 
nounced changes in tint are the dorsal skin and especially the fins It was soon 
found that of these two parts the fins were the more effective (Table I, 2, 4), 
hence in the majont}' of cases the fins onl}' were used They were removed from 
a dogfish that had been blanched to an extreme degree by havmg been kept for 
some 4 days or so in a w'hite-w'alled tank illuminated from above by a strong elec- 
tnc light They w'ere then reduced to a pulp by being put through a kitchen 
pulverizer after which they were ground in a rough porcelain mortar for an hour 
or more W'ltli about 1 cc of pure Itahan ohve oil The pasty mixture that resulted 
was then allowed to stand some 12 or more hours in a refrigerator for extraction 
and after agitation wutli a small amount of sea water, it was set aside to separate 
The oil rose to the surface, w'as decanted or skimmed off, and shaken thoroughly 
with the small amount of water}' fluid that accompanied it The emulsion thus 
produced w'as injected by means of a fine hj'podermic syringe in knowm volume 
into the subcutaneous spaces of an appropnately tinted dogfish The fish was 
then returned to a sea water tank and kept under observabon 

This general procedure was followed throughout most of these investigations 
In the early part of the w'ork a number of the injections showed after some days 
clear signs of infection Considenng the way in which the emulsions were made 
and used, this was not surprising In the latter part of the work sterihzation was 
employed and under these circumstances httle or no infection occurred The pro- 
cedure being such as it was (hypodermic injection through the wet skin of a dogfish 
with subsequent return of the fish to sea w'ater) there was no possibihty of exclud- 
ing infection completely, but such disturbances were so greatly reduced in the 
later part of the work that they ceased to have any possible significance in the re- 
sults Extracted juices, ohve oil, Ringer’s solution, sea water and the hke w'ere 
sterihzed by subjecting them to the temperature of boihng water for at least 
a quarter of an hour Instruments were sterihzed either by boihng them or by 
steeping them in alcohol 

As a rule, four injections were made on each dogfish, two on either side of the 
antenor and of the posterior dorsal fins, each about midway on the flank betw'een 
the dorsal fine and the lateral line The volume of fluid injected in each test was 
very regularly 0 5 cc In this way a techmque was developed that w'as beheved 
to meet the requirements of the research 

ni 

Observahons 

In all, twenty-five injections of non-stenlized oil extracts from light 
dogfish fins were made into over a dozen dark dogfishes (Table I, 1) 
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Many of these injections Mere followed almost immcdiatclj by one or 
more light spots in the region concerned These spots were alwajs 
temporary Thus m one dogfish two non sterilized injections were 
made, one to the right and the other to the left of the posterior dorsal 
fin 5 minutes after this had been done a large, faint light spot ot er a 
centimeter in diameter began to appear m the region of the nght hand 
injection 5 minutes after this three light spots, each a tew millimeters 
in diameter, had made their appearance over the left hand injection 
10 minutes later the large faint spot had mostly disappeared and 25 
minutes after that or three quarters of an hour after the injections 
had been made, all three smaller spots had faded out These initial 
temporary light spots, which may be called primary spots, were to be 
noticed in the great majontv of injections Thc\ never lasted o\ er an 
hour or so and their disappearance was invariable In my opinion 
these spots are purely operative in their origin for they mav occur 
wnth injections of sterilized oil and sea water containing no extractives 
as well as with other fluids Thev are due, I believe, to the mechani 
cal action of the injected fluid itself on the invaded tissues The 
injected fluid when it first enters the tissue is m such concentrated 
volume as to strain and thereby stimulate small nerves or possibly to 
press upon blood vessels to such an extent that small areas m the skin 
are temporarily cut off from the necessary blood supply Both these 
means are know n to produce concentration of melanophore pigment 
and consequently to blanch the skin As the injected fluid slowly 
seeps out from the region of entrance into the adjacent tissues, the 
pressure on the containing tissues must be relieved with the result that 
nerves and blood vessels return more nearly to their normal states and 
the spots thus tend to disappear 

If fishes of the kind that have been described are kept till after such 
primary spots ha\e \anished, new, larger, and relatively permanent 
light spots may arise in them (Fig 1/1) These spots which may be 
called the secondary spots, are first \isible in from 1 to 2 days after 
the injection has been made and remain commonly for sex oral days 
after which they max gradually fade out Of the txxcnty fixe injec 
tions of non sterilized oil extracts fourteen y lelded secondary spots 
and eleven failed to show them (Table 1,1) The failures in these 
tests are attnbuted to unsuccessful injection technique, in inserting 






B 


Fig 1 Part of the trunk of a smooth dogfish, Musklus cams, in the region of 
the anterior dorsal fin 

A Left side of the fish showing a secondar}' light spot due to an injection of 
0 5 cc of an emulsion of olive oil extract of blanched fins and sea nater made a 
little over a day previously The injection was directed anteriorly from a point 
about 1 5 cm posterior to the posterior edge of the light spot The preparation 
was made 26 hours after the first appearance of the light spot 

B Right side of the same fish showing no change in color after the injection 
of 0 5 cc of an emulsion of olive oil and sea water made in the same waj"^ as the 
injection on the left side 


S40 
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the needle of the syringe the point of which was probably thrust, in 
the unsuccessful cases, too deeply into the muscle and was not shpped 
closely enough under the slan In consequence the emulsion was 
discharged into deep seated spaces rather than directly next the inner 
surface of the mtegument and hence it failed to act effectively on the 
color cells It is also possible that some of the earher extractions were 
made with too much oil in relation to the amount of fin substance and 

TAniE 1 

A summary of the collective reacUons of the integumentary melanophorcs in 
the smooth dogfish lIitsMus cams, to a vanety of hquids introduced subcuta 
neously The table includes records of the occurrence of darl spots, D S (dis 
persed melanophore pigment), of secondary bght spots LS (concentrated 
melanophorc pigment), of fadure to react, NR., and of infection. Inf The 
volume of liquid injected in each instance was 0 5 cc. 



I 

LS 

NR. 

lot 

1 Light fins, oil e^n,cUon notstenlued 

a 

14 

u 

6 

2 Light fins oil extraction stenlizefi 

0 

8 

6 j 

0 

3 Light fins sea •water notstcnliied 

0 

0 

4 { 

0 

4 Light shin oil extraction, not sterilized 

D * 

0 

2 ' 

0 

S Light sUn, sea water not stenlucd 

0 ! 

0 

1 

1 

6 Dark fins oil extraction not slenbzed 

0 ' 

0 

B 

0 

7 Muscle oii extraction not sterilized 

0 

0 1 

B 

0 

S Oil and sea water, 

0 

0 ! 

B 

1 

9 Oil and sea water sterilized 

0 

0 1 


0 

10 Mtrcunc chlonde 0 5 per cent 

0 

B 

0 i 

0 

1 1 Formaldehj de 5 per cent 

0 

B 

1 0 1 

0 

12 Light fins ether extraction oil 

0 

B 

B 

0 

13 Light skin, ether extraction oil 



B 

0 

14 Light fins Soxhkl extract, oil sterilized 

0 

B 

B 

0 

15 Light blood defibnnated 

■■ 


B 

0 

16 Dark blood defibnnated 

a 

B 

B 

0 


w ere in consequence too weak Sue of the twenty fit e injections 
show ed obvious infections in that they de\ eloped large, swollen, red 
centers which sooner or later sloughed away 
The injection of sterilized oil extract of light fins mto dark dogfishes 
w as made in fourteen cases of which eight show ed secondary light spots 
and SIX no reactions (Table 1, 2) As might ha\ e been e.xpected none 
of these fourteen cases showed infection 
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The question now to be considered is the nature of the secondary 
light spots It IS well known that m death the skin of a dogfish finally 
blanches Is it possible that the methods of injection used hghtened 
the skin of the experimental dogfish by producing local death? In 
other words, are not the secondary light spots dead areas in the integu- 
ment of the fish? Such dead areas can readily be produced in dog- 
fish skm by injecting solutions of mercunc chlonde, 0 5 per cent, or 
formaldehyde, 5 per cent, immediately under the skin of the hvmg 
fish Such a solution of mercunc chlonde produced a large white spot 
in a dogfish in an hour and a half after injection and this spot remained 
permanently on the fish for 18 hours when death intervened (Table 
I, 10) Formaldehyde, 5 per cent, began whitening the skin of a fish 
some 2 hours after its injection and produced a pronounced light spot 
3 hours later This also was a permanent spot (Table 1, 11) When 
1 cc of obstetncal pituitrin (Parke, Davis and Co ) is injected into a 
light dogfish the fish turns quickly but temporarily dark When such 
an injection was made into a dogfish with a light spot from either mer- 
curic chlonde or formaldehyde, the whole fish turned dark except the 
light spot which remained unaltered Spots induced by these two 
reagents were not changeable in any way and gave every evidence of 
being composed of dead tissue When obstetncal pituitnn was in- 
jected mto a dogfish with a light spot resulting from the mjection of an 
oil extract of hght dogfish fins, the spot became fully dark (hke the 
rest of the integument of the fish) in three-quarters of an hour to return 
to a light tint 2j hours later I concluded from these tests that the 
oil extract of the fins does not kill the integumentary melanophores of 
the dogfish, but induces them to concentrate their pigment and leaves 
them m a fuUy active and responsive condition Hence the blanching 
of the skm in the dogfish by oil extract of hght fins is not the result of 
the death of the melanophores 

This blanching is also not due to the injected oil and sea water either 
unsterilized (Table I, 8, Fig 1 F) or sterilized (Table I, 9) nor is it 
produced by a non-sterihzed oil extract of muscle (Table I, 7) It 
IS to be regretted that there was no opportunity to extract other tis- 
sues, but certam aspects of the work took so much time that when this 
topic was reached the dogfish season was so far advanced that suffi- 
cient material was no longer available 
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Other methods of extraction than by ohve oil were likewise used 
Plain sea water extract of hght fins (Table 1, 3) and of hght skin (Table 
I, 5) failed to produce hght spots as might have been expected from 
the fact that the blood of a hght dogfish when mjected into a dark one 
was without effect on the melanophores Ether was also used as a 
means of extraction To avoid the comphcating factor of heat, fresh, 
wet fin paste from a hght dogfish was mixed directly with about 100 
cc of pure ether and was agitated in a closed bottle from time to time 
over a period of some IS days The ether was then decanted and 
filtered and the light straw colored liquid was allowed to evaporate 
On full evaporation there was left m the small beaker that contained 
the fluid a translucent, thick deposit In amount this was roughly 
1 cc It wasmixed with an equal volume of stenhzed ohve oil and this 
mixture was emulsified with 1 cc of sterile sea water Four injections 
were made with this emulsion One of them was followed by a 
secondary hght spot and three showed no reaction (Table 1, 12) A 
sirmlar injection of ether extract of hght skm exated no response at all 
(Table 1, 13) Apparently ether is a means of extracbng what blanch 
mg substance there may be in the fins As a source of this material 
the body skm appeared to be entirely unfavorable 
As a result of these tests ether extraction was attempted with a 
Soxhiet apparatus I am indebted to Professor R Hober for many 
suggestions and much kmdly help at this stage of the work The fins 
of two light dogfishes were dned in an oven at 110°C for 12 hours 
They were then ground to a powder and this powder was extracted 
with ether in a Soxhiet apparatus for 28 hours The apparatus ran 
with a turnover of about once m every 10 mmutes The final result 
was some 50 cc of a straw colored ether deeper in tint than that which 
had been obtained by direct ether extraction This was fully evapo- 
rated after which a thick transparent deposit of matenal was left in the 
beaker, in all about 1 cc m volume This was mixed with 1 cc of 
stenhzed olive oil after which the mixture was emiflsified with 1 cc 
of stenhzed sea water Four injections of this emulsion in two places 
each m two dark dogfishes were then made These fishes had been 
tested previously by havmg had cuts made in their fins to show that 
they could lighten locally Pnmary light spots appeared in all four 
places in about IS mmutes In 3 hours these had completely disap 
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peared 21 hours after the injections each of the four areas showed a 
secondary light spot All four spots were faint but easily noticeable 
5 hours after their first appearance all the spots were well marked 1 
cc of obstetrical pituitrin was then injected into one fish and 12 
minutes after the injection the light spot nearer the region of introdur- 
lion had lost much of its conspicuousness, half an hour later it had 
entirely disappeared 6 hours after the injection it again regained 
\nsibility Therefore, the conclusion was drawn that the fin substance 
that induces a concentration of the melanophore pigment is open to 
extraction by ether with a Soxhlet apparatus and that it is a material 
that is stable even after having been heated to 110°C The single 
Soxhlet extraction that ivas completed came unfortunately at the end 
of the dogfish season, and in consequence it was not possible to repeat 
it Such a test should be gone over many times and the extracts ob- 
tained should be subjected to fractionation with a view of isolatmg the 
substance or substances concerned in melanophore activation Be- 
cause of the lack of dogfishes these steps in the work must be deferred 
till some time in the future 

As the summary in Table I shows, true secondary light spots in the 
skin of dark dogfishes have been induced only by oil extracts (1, 2) 
or by ether extracts (12, 14) of light fins They have never been ex- 
cited by oil extracts of dark fins (6) nor by water extracts of light fins 
(3) Extracts of light skin with oil (4), with ether (13), or with sea 
water (5) have never yielded secondary hght spots Light spots are 
not produced by emulsions of oil and sea water (8, 9), by oil extract of 
muscle (7), nor by defib rinated blood from hght or dark fishes (15, 
16) Apparently some substance m the fins of the hght dogfish, sol- 
uble in olive oil or in ether, but not in water, is capable of exciting 
the concentration of melanophore pigment This substance is be- 
heved to be a neurohumor produced by the concentrating nerve fibers 
of the melanophores, but it must be admitted that its origin is certain 
only in that it is from some part of the fin So far as my observations 
go, it may come from any part of that structure Nevertheless it is 
strongly suspected that it is of nervous origin Quantitative studies 
may eventually help in deciding the exact source Till some such 
step IS taken this source must remain unknown It is, however, of no 
small interest from the standpoint of the neurohumoral hypothesis 
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(Parker, 1932) that in the dogfish the concentrating response which has 
all the appearances of a purely nenous one, as contrasted with the 
hormonal dispersing reaction, should be open to exatation by extrac- 
tives of the kind desenbed The whole situation seems to point to a 
system of neurohumors m which two well defined categones can be 
distinguished, one composed of substances hke the pituitary extract 
which IS soluble m water and hence open to quick carnage by the blood, 
and the other made up of raatenals that are soluble in oil and that pass 
only slowly from place to place probably through the hpoid compo- 
nents of the cells Such matenals might be called hponeurohumors as 
contrasted with those soluble in water, hydroneurohumors In Hus- 
iclus, if this analysis is correct, darkening is due to a pitmtary hydro- 
neurohumor and blanching to a hponeurohumor from integumentary 
nerves In Fnniulus, whose blood carnes no neurohumor, both 
concentration and dispersion of melanophore pigment must be due to 
hponeurohumors whereas in the frog, whose blood is generally con 
ceded to be the all important element, only hydroneurohumors appear 
to be present These results give some insight into the complexity of 
the neurohumoral system, a complexity which, however, is not beyond 
analysis 

rv 

SUMMARY 

1 The common dogfish, iltisldus cams, as is well known, exhibits 
two temporary extremes of tint, one dark, the other bght The dark 
phase IS induced by a secretion from the pituitary gland which is 
earned in the blood, hence a substance soluble in water (a hydroneuro 
humor) The bght phase is under the control of nerves and cannot be 
excited by blood from a bght fish 

2 When an olive oil or ether extract is made from the fins of a bght 
dogfish and this extract is injected into a dark fish, large bght spots 
mav appear m from 1 to 2 days and persist for several day s These 
light spots, which may be called secondary spots, arc not to be con 
fused with certain small and very temporary bght spots, the pnraaiy 
spots, which occur soon after the injection and which are believed to 
be purely opcrativ e in ongin 

3 The secondary bght spots are not due to the death of the integu 
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mentary tissue, for, after their formation, they can be made to dis- 
appear by the action of obstetrical pituitnn and will subsequently 
reappear 

4 They are produced by some substance extracted from the hght 
fins by ether or by olive oil They are not produced by sea water, 
ether, or ohve oil alone 

5 The extracted substance, which can resist dry heat up to at 
least 110°C , owes its limited range of action in the dogfish to its in- 
ability to dissolve in water It is soluble in oil (a liponeurohumor) 

6 This liponeurohumor is believed to emanate from the nerve ter- 
minals concerned with the concentration of melanophore pigment and 
to spread through the fatty components of the integumentary cells 

The work herein reported was done in part at the Marine Biological 
Laboratory and m part at the Woods Hole Oceanographic Institution, 
to the directors and assistants of these two laboratones I am under 
great obhgations for their generous cooperation in enabhng me to carry 
out this investigation I am also greatly mdebted to Mrs Helen 
Porter Brower who, as laboratory assistant, gave me great aid in this 
undertaking 
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CORRELATION OF THE VISCOSITIES OF PROTEIN SOLU- 
TIONS WITH THEIR ABILITY TO CRYSTALLIZE 

Bx DAVID B HAND 

(From the Department of Physiology and Biochemistry, hfedical College, Cornell 
hnieersiiy, Ithaca) 

(Accepted for publication, November 26, 1934) 

Cohn (1925) was the first to suggest a relationship between viscosity 
ot protein solutions and their abihty to crystallize "Thus the pro 
terns that are small and of high valence seem to be readily crystal 
hzable, soluble and of low viscosity, whereas those that ate large are 
very viscous, ate only shghtly soluble when uncombined with ands 
and bases, and have not yet been crystallized ” Since 1925 more 
data have become available and it now appears that no simple 
relabonship between viscosity and molecular weight or solubihty exists 
but that the part of Cohn’s generalization applying to viscosity and 
abihty to crystallize is still vahd 

AH those proteins, whose solutions at a given concentration yield 
viscosities equal to or less than that of serum albumin, can be readily 
crystallized provided they can be obtained in isolated condition All 
those proteins with viscosities equal to or greater than denatured 
ovalbumm have been obtained only in the amorphous state ' This 
divides aU the proteins, whose viscosities have been measured, mto 
two groups the crystalhne — ^hemoglobin, pepsin, urease, trypsm, in 
suhn, ovalbuimn, and serum albumm, and the amorphous — denatured 
hemoglobin, denatured ovalbumm, pseudoglobuhn, euglobulin, casein, 
and gelatin Several other proteins, notably plant globuhns, have 
been crystalhzed but their viscosities have not been determined 

*By a crj'stalline protein is meant here one -which separates from a super 
saturated soluUon m the form of microscopically v isiblc cry stals By amorphous 
state is meant merely a subdi-vision so fine that crystals cannot be seen in the 
microscope. AU the crystallizable proteins can also be obtained in the amorphous 
state if preapitation is earned out rapidly The non-crystalhzable proteins never 
yield crystals under any conditions 
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In order to compare the viscosities of the proteins, for which mea- 
surements are not available over the same range of concentrations, an 
empirical equation suggested by Kunita (1925-26), has been used 

?/# 1 0 5 < 3 ^ 

(1 — 0 )^ 


where n, is the viscosity of the solution, is the viscosity of the sol- 
vent, and 4> is an arbitrary term interpreted by Kunitz to be the frac- 
tion of the volume of solution occupied by the protein This equation 
applies to the high viscosities of gelatin solutions and to the low vis- 
cosities of albumin solutions It covers the whole range of concentra- 
tions and has the advantage of containing only one arbitrary constant 
The fraction of volume, 4), occupied by the protein is approximately 
proportional to the concentration, C Thus (}>/C is the imphed ar- 
bitrary constant in the Kunitz equation Values of 0/C are charac- 
tenstic of the proteins and are reported m Tables I and II to indicate 
the magnitude of the viscosities of protein solutions 
Fig 1 shows the effect of concentration on viscosity for the various 
proteins and their sharp dmsion into two groups The curves are 
the smooth curves of the Kunitz equation From the experimental 
data for relative viscosity of each protein at a certain concentration, 
0 was obtained by reference to a graph of the Kunitz equation It 
was assumed that for each protein 0/C was constant Then from 
0/C the relative viscosity at any concentration can be calculated 
The following is a sample calculation Serum albuimn has a relative 
viscosity of 1 95 when the solution contains 10 79 gm protein per 100 
cc solution Reference to a graph of the Kunitz equation shows that 


the volume occupied by the protein equals 14 0 cc Then 


1000 

C 


= 1 30 Now for another concentration such as 6 0 per cent 

the apparent volume occupied by the protein would be 6 0 X 1 30 or 
7 8 cc A value of 1000 of 7 8 corresponds to a relative viscosity of 
1 440 In this way values of relative viscosity for concentrations 
below 10 per cent have been found for all the proteins 

It can be seen from the graph that for a concentration of 1 per cent 
the crystallizable proteins have a relative viscosity less than 1 060 
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while the amorphous proteins have a relative viscosity greater than 
1 085 Or, stated in another way, when a protein occupies an ap- 
parent volume in solution less than 1 3 times its concentration it 
belongs to the crystallizable group of proteins The amorphous 
proteins have an apparent volume in solution greater than 1 91 times 
their concentrations Unfortunately different workers often disagree 
as to the viscosity of a given protein The cause of this lack of repro- 
ducibility IS still unknown It seems likely that proteins which have 



Fig 1 Viscosities of protein solutions 


been subjected to prolonged dialysis have abnormally high viscosities 
The lowest reported figures for viscosities are likely to be correct 
Furthermore the viscosities of the more viscous proteins vary con- 
siderably with pH and salt concentrations However, these effects 
are not large enough to make any difference with respect to the classi- 
fication of the proteins into two groups 

Our knowledge of the factors influenang the viscosity of protein 
solutions is still far from complete Staudinger’s (1932) work on 




DAVID B HAND 


851 


heimcoUoids suggests that molecular weight must be taken into ac- 
count Anson and Miisky (1931-32) have shown that any factor 
that tends to aggregate the protem will increase viscositj Equations 
proposed by Einstein (1905, 1911), Hatschek, (1910, 1911, 1912) and 
Arrhenius (1917) disregard all other factors except the volume of the 
protein m solution which is presumably mcreased by solvation Loeb 
(1924) explained the viscosity of gelatin sols as due to imnute particles 
of gel in suspension Northrop and Kunitz (1925-26) have postulated 
the existence m gelatm solutions of two forms of gelatm one form 
occumng as msoluble micellae, and the other a soluble form distributed 
between the micellae and the outer solution Kunitz (1926-27) has 
accounted for the high viscosity of gelatin and also its variation with 
pH on this assumption of heterogeneous solutions Eisenschitz (1931- 
32, 1932-33) has derived a theoretical equation which relates viscos 
ity not only to the volume of the colloid m solution but also to the 
length and thickness of the molecules Usmg this equation Schulz 
(1932) has calculated the length and thickness of gelatin molecules 

The correlation between viscosity and abihty to crystallize is an 
empirical fact which should be of importance in the final development 
of a theory of protem solutions 

I wish to express my obhgation to Professor J B Sumner for the 
preparation of crystalhne pepsm and for valuable advice and cntiasm 

stmuARY 

All the protems whose viscosities m solution have been measured 
fall distinctly mto two classes Protems of viscosity equal to and 
lower than serum albumin are readily cryistallized Proteins with 
viscosity equal to or greater than denatured ovalbumin have not \ et 
been crystallized 
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THE EFFECT OF LIGHT INTENSITY, AREA, AND FLICKER 
FREQUENCY ON THE VISUAL REACTIONS 
OF THE HONEY BEE 

By ERNST WOLE and GERTRUD ZERRAHN WOLE 
(From the Biological LahoratorieSf Harvard Untverstlv Cambridge) 

(Accepted for publication December 6, 1934) 

1 

Experimental studies on the visual capacity of the eye of the honey 
bee have shown that the relative motion of the eye and the object seen 
plays an important r61e in vision Bees show an increased sensitivity 
toward moving objects and flickering visual stimuh based upon the 
frequency of intermittent stimulation of the elements of the omma- 
tidial mosaic of the retma (Wolf, 1932-33 c, 6, Wolf, 1933-34, Wolf 
and Crozier, 1932-33, Wolf, 1933, Zerrahn, 1933) It was found that 
the bee’s reaction depends upon the light intensity, the velocity of 
motion of the test object or the flicker frequency, and the size of the 
object It seemed to be essential to obtain quantitative relationships 
between these factors For this investigation the phototropic re- 
sponse of the bee was used 

n 

The experimental set up can be understood with the help of Fig 1 In a \er 
tical piece of pl> wood 175 cm long and 50 cm high two openings 37 X 37 cm 
were cut The distance between the centers of the two holes is 64 cm Into each 
opening opal glass plates are fitted which are Dluminated from behmd The areas 
of the illuminated opal plates can be varied by means of cardboard frames, reducing 
the original area to K, H and)^ The cardboardframeswereconstructedso 
that their lower edgescoinadedwith the lower edge of the opening in the ply wood 
so that the lUummated fields werealVia>3at eye level ’ of the bees 

The vertical wooden wall serves as one side of a cage, tnangular m shape in 
which the bees are allowed to migrate to the lUummatcd fields The cage is 170 
cm m length the bottom consists of cardboard the sides and top of wire screens, 
through which the bees can be observed The bees arc admitted through a door 
at the distal end of the cage thej can after am\nng at the illuminated fields be 
taken out through side doors in the cage 
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For illumination of the opal plates in the wall of the cage two 500 watt concen- 
trated-filament lamps are used To provide an even illumination of both areas the 
lamps are set bad. 150 cm Directly m front of each source a small opal plate is 
placed which provides a larger and more easily controllable source of uniform illu- 
mination than the lamps The amount of hght emitted from these diffusmg 
screens is controlled by diaphragms which permit a variation m brightness over a 
range of 200 units The brightness of the large opal plates in the wall of the cage 
at different diaphragm opemngs is measured with a Macbeth lUununometer 
From the photometric readmgs cahbration curves are drawn from which any 
desired brightness can be read and the diaphragms adjusted accordingly 



Fig 1 Apparatus for testmg the bee’s reaction to two illuminated fields 
diffenng m area, intensity, and flicker frequency 

The experiments are earned on with smgle individuals They are caught in 
front of one of our hives, left m the dark a short time for adaptation, and then set 
free at the narrow end of the cage Bemg positively phototropic they move, m 
part crawhng m part fljung, toward the hghts, and by changmg the areas and their 
bnghtnesses one can easily recognize the stunidatmg effect of the two areas from 
the course of the bees’ path If the two areas are equal m brightness the course 
of the bees is generally the bisectmg Ime between the two fields, and this is mam- 
tamed imtil they almost reach the front wall, then swmgmg motions occur imtil 
the finally go to one of the two fields If the two areas are not equal m 

their stunulatmg effect, the course of the bees is shghtly turned to the bnghter 
field The angle of deflection from the vertical can serve as an mdication of the 
difference between the stunulatmg values of the two fields 
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In the first senes of experiments both fields were equal m intensity 
and size (37 X 37 cm ) In a great number of tests equal numbers of 
bees travelled to both fields We now changed the relative areas of 
the two fields, keepmg the intensities the same Testing m each case 
50 bees and decreasing the size of one of the areas to 1/2, 1/4, 1/8, 
and 1/16 of the origmal, we obtamed with mcteasmg difference in area 



Fig 2 Relation between the relative numbers of bees sceloog two illummoted 
fields and the relative sizes of the areas 

an increasing proportion of animals going to the larger field The 
data are represented m Fig 2 where the relative numbers seeking the 
tv .0 fields arc plotted against the relative areas 
It may be assumed that the stronger response to the larger field at 
equal intensity is due to the greater number of elements stimulated, 
and hence the greater total frequenc> of retinal responses How 
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ever, Hartline and Graham (1932) have shown that the total 
frequency of optic nerve discharges in Ltmidus also increases with 
intensity It therefore might be possible to equalize the stimulating 
effect of two different areas by decreasing the intensity of the larger 
area, until the total frequency of response from both areas is equal 
To test this point we presented two different areas, then decreased 
the brightness of tlie larger field step by step until we obtained in a 
considerable number of trials equal numbers of bees going to both 
fields At this point the product of area and intensity was found to be 
identical for both sides The data are given in Table I 
Since the larger area stimulates a greater number of retinal elements 
weakly, while the smaller area stimulates a smaller number more 

TABLE I 


Values for areas and intensities of illuminated fields which have the same 
stimulatmg effect upon the bee’s eye The products of area and intensity are 
approximately equal for two fields presented sunultaneously 


Area 

Intensity, 

milhlambcrts 

Area X 
intensity 

Area 

Intensity, 

millilamberts 

Area X 
intensity 

cm 

i 

1 




1354 2 

6 42 

8696 9 


6 42 

8696 9 

681 2 


4374 5 

■■■ 

3 26 

4304 S 

338 6 


2174 2 


1 70 

2302 2 

169 0 

1 

1085 3 


0 75 

1019 7 

86 5 

1 

555 4 


0 54 

578 9 


strongly, due to the respective brightnesses, and the net effect is the 
same for the orientation of the bees, we must assume that it is irrele- 
vant for the processes which control the coordination of motion 
whether weak impulses travel from a greater number of receptor 
elements over a greater number of nerve fibers, or whether a smaller 
number of stronger impulses pass over fewer pathways 

in 

In the experiments just mentioned continuous lights were used 
The pecuhar effect of intermittent light can be demonstrated by 
presenting to the bees simultaneously a stationary and a flickering 
field of the same objective intensity If bees are exposed to two such 
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fields they practically always travel to the flickering field, provided 
that the flicker frequency is below fusion Even if the light intensity 
or the frequency of the flickering field is decreased considerably it 
alwajs shows a pronounced predominance (Wolf, 1933) 

To obtam quantitati\e data upon the effect of flicker on the orient- 
ing reaction of bees with fields of different areas we placed in front of 
our light sources sector discs which were slowly rotated by a motor and 
gave flicker frequencies between 2 and 16 per second One field w as 
flickered at a constant frequency, the other at an integral multiple 
of this frequency The question was whether such fields can be made 
equal in their stimulating effects by adjusting their areas accordingly 
In the first experiment both fields were made equal in intensity and 
size (37 X 37 cm ), the flicker frequency of one being twice that of the 
other The bees now migrated to the field of higher frequency We 
then decreased the size of this field and observed that as soon as its 
area was reduced to one half equal numbers of bees travelled to both 
fields We then changed to different sizes of areas and flicker fre 
quencies and found that under all arcumstances a ratio of 1 2 in 
flicker frequency can be balanced by a reciprocal ratio of 2 1 in area 
If flicker frequenaes are produced m the ratio 1 4 balancing occurs 
when the relative areas are as 4 1 and so on In all such tests it can 
be shotvn that to produce equal photic stimulation by flickering fields 
the flicker frequenaes must be inversely proportional to the field areas 
For phototropic orientation of bees we therefore have to assume that 
It IS irrelevant whether a great number of photic receptors is stimu 
lated at a low frequency or a smaller number more often per umt 
time 


IV 

Smcc it was shown that the frequency of alternate stimulation of the 
elements of the ommatidial mosaic of the bee’s eve is the basis for 
reaction to fiickenng fields, evidence has been brought forward that 
the same holds true for the bee’s reaction toward patterns of different 
design in free choice eiqieriments (Zerrahn, 1933 , Wolf, 1933) IVhen 
conditioning bees for patterns we are not dealing with any visual 
impressions (learning) and recognition of known forms but with a 
forced reaction to the pattern The reaction depends upon the 
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stimulation given by the contours of a pattern which cause transitions 
of the retinal elements from one state of excitation to another during 
the bee’s flight over the pattern 

From some unpublished experiments by Zerrahn we Icnow that the 
choice is always in favor of a pattern greater in area, if two patterns 
of the same degree of coarseness are presented to the bees We can 
deduce from this that for the bee’s reaction not a single retinal element 
but tlie total number which undergo changes m their state of excitation 
has to be taken into account Thus the question arises whether two 
patterns different in area can be made equal in their stimulating effects 
by adjusting the “gram” of the patterns, since by this means both 
might give the same number of alternating stimuli, causing the bees 
to go to one pattern just as often as to the other 

To test this we used a method which was applied previously by 
Zerrahn Bees are conditioned to come to a table, covered with a 
glass plate on which they are fed with a sugar solution Underneath 
the glass plate is a white surface on which can be placed patterns for 
choice During feeding no patterns are shown because all choices are 
supposed to occur without previous conditionmg but spontaneously 
After a large number of bees comes regularly to the table, the food is 
removed and two patterns presented The bees then settle down on 
one of the two patterns in a big bunch By means of a feather they 
are brushed off the glass plate The glass is cleaned quickly with a 
moist cloth to remove odors, then the figures are shifted in relative 
position to each other to avoid conditioning to any particular location 
on the table Then the bees are given a new chance to choose This 
can be repeated half a dozen times As soon as the number of search- 
ing bees decreases, sugar solution has to be given anew 

For patterns, checkerboards and stripes were used Patterns of 
concentric design such as sectors, etc were not taken into consideration 
smce they are complicated by the greater density of contour toward 
the center, which can hardly be treated analytically 

A checkerboard pattern with checkers 1 cm square and a total area 
of 10 X 10 cm (A) IS presented with other patterns of coarser grain 
First we present our pattern (A) together with a checkerboard with 2 
cm squares and 10 X 10 cm area (B) In 51 tests the finer pattern is 
chosen 31 times, the rough pattern 11 times, and in 9 cases we obtained 
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collections of bees on both patterns The relation of choices of the 
finer to the coarser pattern is 2 8 1 

The question now arises how much the size of the coarser pattern 
has to be increased until we obtam all relationship of choices In 
analogy to our darkroom experiments we double the area and obtain 
a pattern (C) 14 X 14 cm in size and find that the relation m choices of 

(A) (C) becomes 11 In 54 trials pattern (A) is chosen 21 tunes, 

(B) 21 times, and in 12 cases we obtain choices of both patterns at the 
same time By increasmg the size of the coarser pattern still further, 
using a pattern (D) 20 X 20 cm in size, the relation of choices is shifted 
in favor of the coarse pattern In S3 tests (A) is chosen 14 times, (D) 
30 times, and in 9 cases bees collect above both patterns The rela- 
tionship (A) (D) IS now 12 1 

In a second series of tests we combine pattern (A) with checker- 
boards with 1 5 cm squares First this is tried in an area of 10 X 10 
cm (El Since the areas of both patterns ate the same we should 
eiqiect from our previous results that the finer design takes prcdomi 
nance We obtain in fact in 54 tests 29 choices of pattern (A) and 18 
of pattern (E) In 7 cases both ate visited by bees In order to ob 
tain all relationship m choice with a pattern which has 1 5 cm 
squares we must use a pattern (F) which is 12 X 12 cm in size Then 
among S3 choices 26 are in favor of (A), 26 in favor of (T), and one 
remains undecided 

Finally we present together with pattern (A) a still coarser design 
with 4 cm squares First we use a 10 X 10 cm field of this pattern 
(G) (A) now has a very pronounced ovcrw eight In 75 tests (A) is 

chosen S3 times, (G) 16 times, and in 6 cases (A) and (G) at the same 
time The relation (A) (G) now is 3 3 1 Increasing the size of (G) 
until we obtain all relationship of choices we have to use a pattern 
20 X 20 cm in size (H) In 60 tests we obtained 27 choices of (A), 27 
choices of (H), and 6 choices of both together 

The results of these experiments show that coarseness of design and 
area can be successfuUj combined to obtain equal stimulating values 
for different patterns The increase in area of the coarser pattern 
necessary for equal stimulating effect is directlv proportional to tlie 
increase in size of the squares with 1 5 cm squares the area is 1 5 
times that of pattern (A), with 2 cm squares twice tliat of (A), and 
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"OTth 4 cm squares 4 times that of (A) The necessitated increase m 
size can be explained with help of our statement made previously, 
namely, that the length of contours of the pattern is decisive for the 
bee’s reaction, providmg a measure of the number of elements under- 
going changes in their state of excitation We thus ought to expect 
that in all cases in which we obtain all ratio in choice the lengths of 
contours of the patterns used are approximately identical (Table II) 
Thus b)’’ two patterns presented simultaneously the same numbers 
of retinal elements must have experienced changes in their state of 
excitation WTien the pattern is small and has a fine design, the 
elements stimulated within the eye during transition he close together 

TABLE n 


Patterns vhich are different in area and coarseness of design but have the same 
stimulating effect upon the bee’s eye All patterns have about the same lengths 
of contours 


Pattern 

Area 

Length of contours 


cm 

cm 

(A) 1 cm = 

10x10 

200 

(B) 2 cm = 

14x14 

200 

(r) 1 5 cm = 

12x12 

192 

(H) 4 cm ^ 

20x20 

208 


When the pattern is larger m area and coarser in design the elements 
stimulated he further apart, covering a greater retinal area 

Checkerboards must without any doubt give most easily the results 
theoretically asked for, since because of their structure they produce 
a very regular alternate stimulation of the retinal elements, regardless 
of the direction in which the patterns are crossed during flight Con- 
ditions might be less favorable when using stripes, but in a great 
number of tests the chances must become even that the bees cross the 
patterns in the direction of the stripes or at 90° to them, as our experi- 
mental results show 

For the test we combine a pattern (I), having stripes 1 cm in width, 
an area of 10 X 10 cm , and a length of contours of 110 cm with 
patterns having stripes 2 cm wide but different in area First we 
combine (I) with a pattern (K, 2 cm stripes) which has an area of 
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10 X 10 cm In S3 tests (I) is chosen 31 tunes, (K) 17 tunes, and both 
patterns at the same tune m 5 cases The relation of (I) (K) is 1 8 1, 
the relation of the lengths of contours is 110 72 cm We then increase 
the area of the coarser pattern until its length of contours corresponds 
to that of (I) The new pattern CL) has an area of 12 S X 14 cm and 
a length of contours of 116 cm (I) and (L) are presented to the bees 
SO tunes (I) is chosen 23 tunes, (L) 23 tunes, and in 4 cases bees 
collect above both patterns The ratio of choices is 1 1 which was 

TABLE m 


Sumrrary of llte RtsuIlJ of the Bees Choices among Palterns Difcrent in Area and 
Coarseness of Design 


Esp 

No 


Pattern 

li 

< 

'o 


Patletn 

s 

< 

1 

o 

M 

U 

e 

,2 

5 

o 

"S 

e 

Z 

ja 

1 

es 

II 

U 

S 

I'" 

Cbeefcer 

board) 

Checker 

boards 


■ 


CM 

cm 



CM 

CM 




I 

R 

t Cm < (A) 

10x10 

200 

31 

2 cm*(B) 

lOx 10 


11 

9 

2 8 1 

U 

IS 

IcmMA) 

10x10 

200 

21 

2 cm«(C) 

Ux 14 


21 

12 

1 1 

nr 

53 

1 CTO * (A) 

10x10 

200 

U 

2 cm.* (D) 


tfoi 

30 

9 

1 2 1 

IV 

54 

tcmi<A) 

10x10 

200 

29 

I 5cm»(E) 

10 X 10 

142 

IS 

T 

1 6 1 

Ea 

53 

lcmS(A) 

10x10 

200 

26 

1 5 cm.* (F) 

12x12 

192 

26 

1 

1 1 

|9| 

is 


10x10 

200 

S3 

4 cm»{G) 


&l 

16 

6 

3 3 1 

ESI 

i 


lOx 10 

200 

27 

4 ctd»(H) 


20S 

27 

6 

1 1 



S(r!pei 




Stripes 






vin 

S3 

1 CTO (F) 



31 

2 cm (K) 

10 *10 

72 

17 

5 

1 8 1 

IX 


1cm (D 


Bp! 

23 

2cra (L> 

12 5 X 14 

116 

23 

•1 

1 1 

\ 


1 cm (F) 


no 

IS 

2 cm (M) 

20 x20 


32 

5 

1 2 1 


to be expected from our considerations In one further experiment 
w e combine (I) with a pattern (M) having an area of 20 X 20 cm and a 
length of contours of 220 cm Since for pattern (M) the length of 
contours has become the double of (I), its stimulating value should be 
increased Of the 52 tests made IS are m favor of (I), 32 in favor of 
(M), and m 5 cases both patterns arc chosen The ratio (I) (M) is 
1 21 

Tor comparison all the data for the experiments with patterns are 
brought together m Table III 
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V 

A picture of the effect of the alternate stimulation upon the bee’s eye 
durmg motion when looking at a pattern can be provided by mapping 
out on a sheet of translucent coordinate paper the points of inter- 
section of the axes of the ommatidia with a plane whose distance from 
the eye corresponds to the distance of the pattern at the moment of 
choice This distance is in our case approximately 15 cm Such a 
system of coordinates can be obtained from a figure given by Baum- 
gartner (1928) in his paper where he gives a schematic picture of the 
resolving power of the bee’s eye His coordmates only need to be 
replotted for our distance By placing our patterns underneath the 
map of the eye one can count the number of elements which are 
covered by the white and by the black parts of the pattern If now 
the pattern is moved over a unit length of distance in any direction the 
number of elements undergomg transition during the shift may be 
counted For any coarser pattern which does not provide as many 
transitions as a fine one of the same area when moved over the same 
distance, the increase in size can be estimated which would give it a 
stimulating value corresponding to that of the fine pattern Our 
mvestigations, in fact, began by studjnng the effect of patterns upon 
the elements of this model of the bee’s eye and the calculations made 
were justified by the results of our experimental tests 

SUMMARY 

1 For the phototropic reaction of bees, the stimulating effects of 
two illummated fields differing in intensity and area become equal 
when the product of area and intensity is the same for both fields 

2 The effect of two areas differing in size and flicker frequency is 
the same for the bee, when the product of area and flicker frequency 
IS equal for both fields 

3 If two patterns of the same character but varying in size and 
coarseness are presented to bees for free choice, all ratio of choices is 
obtamed when both patterns stimulate equal numbers of retinal ele- 
ments alternately by transition from one state of excitation to another 
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THE VALIDITY 01 TALBOT’S LAW TOR THE EYE OF THE 
HONEY BEE 

Bv ERNST WOLF AKD GERTRUD ZERRAHN WOLF 
(From the Biohgxca] LahoratorteSf Barvari University, Cambridge) 

(Accepted for pubbcation, December 6, 1934) 

I 

For the human eye an illumination which is mterrupted with suffi- 
aently high frequency appears contmuous The brightness of such a 
field corresponds to the objective intensity multiplied by the fraction 
of time durmg which the hght reaches the observer Consequently a 
reduction in this fraction is equivalent visually to a corresponding re 
duction in light intensity (Talbot’s law) 

The vahdity of Talbot’s law for the human eye has been proved and 
much discussed by a large number of mvestigators and theoretical 
etplanations have been proposed for it based upon the photochemical 
processes underlying vision (for references see Hecht and Wolf, 1931- 
32) Besides those upon man, data are available for Daphma (Ewald, 
1913), the blow fly larva (Patten, 1914), for the larvae of barnacles 
and Ltmulus (Loeb and Northrop, 1917 and 1922-23), for Mya 
aretiaria (Hecht and Wolf, 1931-32), and for several insects (DoUey, 
1923 , Mast and Dolley, 1924) The data are sufflaent to assume the 
general validity of Talbot’s law throughout the animal kingdom 
The efi'ect of intermittent photic stimulation of low frequency upon 
the eye of the honey bee has been pointed out in previous papers (Wolf, 
1932-33 a, b, Wolf, 1933-34, Wolf and Crozier, 1932-33, Zerrahn, 
1933, Wolf, 1933, and Wolf and Zerrahn Wolf, 1934-35) The 
bee’s reaction depends in all cases upon the frequency of alternate 
stimulation of the ommatidia We know that the photic response m 
creases with the number of changes in state of evcitation of the retinal 
elements We found that the maximum frequency which can be per 
ceived by the bee is about 55 per second (Wolf, 1933-34) To test the 
critical flicker frequency a sj’stem of sectors was rotated underneath 
865 
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the bee’s creeping cage and its deviation from a straight course taken 
as an indication of the reaction 

If two fields equal in brightness, one illuminated constantly and 
the other by intermittent light, are presented to the bees and they are 
allowed to move freely over a longer distance toward the two fields, 
we can test Talbot’s law by means of the bee’s positive phototropic 
response At low flicker frequencies the flickenng field has a greater 
effect If Talbot’s law should hold for the bee, we ought to expect 
that above the critical frequency both fields have the same stimulating 
value, when equal in brightness 



Fig 1 Apparatus for the test of the validity of Talbot’s law for the ej^e of 
the honey bee 


n 

To test the vahdity of Talbot’s law for the eye of the bee two square openings 
25 X 25 cm are cut into a wall of ply-wood (Fig 1) The distance between the 
centers of the two opemngs is 50 cm Into each one an opal glass plate is fitted 
to which the bees react phototropicaUy, when illummated from behind To lUu- 
mmate each field a separate hght source is used, consisting of a 500 watt con- 
centrated filament lamp The distance of the lamps from the screens is 150 cm 
To provide a uniform lUummation of each field a second set of small opal plates 
IS placed in front of the lamps, providing a larger and more easily controllable 
source of uniform illummation than the lamps In front of hght source ^ is a 
diaphragm which permits a wide range of variation in bnghtness of the illuminated, 
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large opal plate In front of .ource B sector discs arc rotated b> a motor at a 
speed of 3600 r.p m The sector discs used were made of sheet alununum. Each 
one had two sectors cut out on diametncahy opposite sides, varying m angle 
between 5 75 and 160® With a speed of 3^KI r p m the flickering field looks to 
be umfonnl> illuminated and its bnghtness can easily be measured for each size 
of sector For source A the diaphragm was calibrated and a cahTiration curve 
plotted From this curve any diaphragm setting could be read with suffiaent 
accuracy so that both fields could be made pbotometncall> equal 
To the vertical wall with the two liluminated squares a cage is attached which is 
triangular in shape and whose apex is 170 cm from the wall For the test both 


TABLE 1 


Numbers of bees going to a flickenng and a stationary field which are photo- 
metncalij equal 


nicktrltks field 


Suuosary field 


Sector 

7 

' zoiJfilwQberti 

: Tf^cirntgioa 

No Ol bets 

7 1 

mllUUmbcrts | 

^7e e( bets 

S 75 

0 

113 

2 7$ 

28 

0 

ns 

30 

11 25 

0 

275 

6 36 

24 

0 

275 

26 

IS 

0 

3S2 

8 14 

23 

0 

351 

27 

22 5 

0 

519 

12 01 

24 

0 

516 

26 

30 

0 

70S 

16 40 

26 ' 

0 

70S 

u 

45 

1 

14 

26 33 

25 

1 

14 

25 

90 

2 

16 

49 92 

25 

2 

16 

25 

120 

2 

95 ! 

63 25 

26 

2 

95 

24 

135 i 

3 

35 i 

77 44 

23 

3 

33 

27 

150 i 

3 

77 

87 29 

24 ! 

3 

78 

26 

160 

3 

97 1 

91 55 1 

27 ! 

3 

98 

23 

180 1 

4 

32 1 

100 00 1 

25 j 

4 

32 

25 


fields arc made equal in bnghtness A bee is placed in the cage at its narron end 
and Its course observed In each tnal only a single bee is set free to a\ojd any 
mutual disturbance The bee now moves partly crawUng partly fl>*ing toward 
the illuminated fields Its course is the bisecting line between the two fields 
This course is kept until it almost reaches the front wall then zig zag move 
ments occur and the chances of going to the fidd on the nght or on the left are 
equally high 

For each of ele\ cn sectors wc took records of the path of about 50 bees If 
Talbot s law holds for the bee, we would expect that equal numbers of bees go to 
the flickenng and to the stationary fields This was found to be true within the 
limits of error for all sectors and intensities used 

The results of the tests arc best presented m Table I 
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SUMMARY 

By presenting to bees two illuminated fields, equal in brightness, 
of which one is flickering and the other stationary we find that on 
account of the bee’s positive phototropic response equal numbers of 
bees travel to both fields We thus can assume that Talbot’s law is 
valid for the eye of the bee 
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THE EFFECTS OF RADIATIONS ON BIOLOGICAL SYSTEMS 

HI The EirEcr or Ultraviolet Light on the Respiration op 
Drosophila Larvae and the Duration op Their 
Rrepupal Period 

Bv WILLIAM R. THOMPSON 

(From the Department oj Palholosyt Yale Unncrsrty School of Medicine, Ymo Haven) 
(Accepted for publication December 17, 1934) 

In previous communications'-* a respirometer has been described 
■which depends upon measurement (with ad)ustment for pressure and 
temperature) of change in refractivity and volume of the gas in a dosed 
system in which the oxygen and carbon dioxide might vary independ- 
ently but all other gases were present in either fixed amount or concen 
tration, and the initial composition of the system kno-wn approxi 
mately The system was pro-vided with a means of circulation at a 
rate variable at will, and of regulation of temperature and humidity 
The gaseous system was unaffected by the analysis except that arcu 
lation was temporarily stopped and a faint beam of hght passed 
through a small portion in an attached interferometer 'while the bands 
were adjusted for readmgs — about 1 1/4 minutes were required for all 
adjustments and observations, five independent interferometer read 
mgs to the nearest tenth of a small scale division being made in quick 
succession Chambers contaming a respirmg system could be at- 
tached and mercury sealed to the apparatus or detached readily The 
object was to investigate variations m COj respiratory rate of Droso 
phila larvae following x ray irradiation' or similar phenomena where 
the mean effect on large numbers of individuals could be observed 
directlj By means of a careful preparation of a large batch of indmd 
uals of which random samples could be taken for various treatment, it 
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was hoped that precise mass phenomena might be observed Thus a 
lower CO2 respiratory rate, followed by a rise (but not enough to again 
approximate the rate of controls) was found immediately after x-ray 
irradiation of larvae ^ 

In earlier worl^ the increase m duration of the larval stage after 
x-ray irradiation had been studied, but we were unable to produce 
similar effects witli ultraviolet light Striking resemblance has been 
found, however, m effects of these agents upon respiration The pur- 
pose of the present communication is to report some of the results 
obtained witli ultraviolet irradiation under various conditions 

Tecliinque 

The source of radiations for the present experiments was a mercury arc in 
quartz used in former work, ® operated at an angle of 30° from horizontal Larvae 
were irradiated in tumblers (as m the x-ray experiments^) about 61 cm below the 
lamp, and in a stream of air at approximately 22°C They were prepared and 
mamtamed for respiratory studies on food of the same formula m the same manner 
m tapermg glass tumblers as has been described^ previously, except m certam 
experiments already reported® where variation of the sensitivity of the system to 
ultraviolet light •nas produced by mcrease m the acetic aad concentration m the 
food About 200 to 500 larvae were used m each experimental lot, the lots withm 
any given experiment bemg about equal m number 

As m previous work,^ the mam mterest was m estimation of relative respuatory 
rates of variously treated lots of larvae without unnecessary delay, and the same 
techmque was employed with 20 mmute observational mtervals Under the 
conditions of observation, the change m refractivity (Ar) of the mdosed gas was 
2 00(10)"® Ay by cahbration,^ where Ay was the difference m interferometer read- 
mgs The mcrement in CO*, previousl}"^ denoted by 'a"Q 3 in a general formula- 
tion, may be estimated from a simple formula obtained from relation (16) of the 

first mentioned paper^ bj'’ substitution of 'A'’^j{l — ^ for its equal, C 'A''F, 

■nhere F is the respiratory quotient Thus, droppmg the primes, and mtroducmg 
the values given by Edwards^® for the various constants involved. 


® Hussey, R, Thompson, W R, and Calhoun, E T, Science, 1927, 66, 65 
® Tennant, R , Science, 1931, 73, 567 

^ Hussey, R , Thompson, W R , Tennant, R , and Campbell, N D , J Gen 
Physiol , 1932-33, 16, 207 

® Thompson, W R , and Hussey, R , J Gen Physiol , 1931, 16, 9 
® Thompson, W R , and Tennant, R , Proc Soc Exp Biol and Med , 1933, 
31, 120 

^®Edi\ards, J D , Bureau Standard^ Technol Papers, 1919, 12, Paper No 13 
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■ivhere y IS the final volume ol the gaseous system m liters. With V approsi 
matel> the same (0 81 hters m the present experiments) and T assumed to vary 
only to a small extent, then approximately the COimcrement is proportional to 
tr Furthermore the relation given m (1) is mdependent oftemperatureorpres 
sure, and the humidity may hz fixed arbitrardy 


The results to be reported at present will be given m graphic form, 
using the vicdtan age of larvae (o) m days as abscissa, with 10’ hr per 
minute as ordinate — one tenth the directly observed Ay for a 20 minute 
interval — to indicate respiratory rate, and on a sub graph as in the 
previous work’ an estimate of the fraction of the larvae having 
pupated 

EXPERIMENTAL RESULTS 

The results of an experiment where lots of larvae were irradiated for 
1/4, 1/2, and 1 hour, respectively, at a median age approximately 3 S 
days are presented in contrast to a control lot in Text fig 1 Although 
there appears to be Uttlc or no effect on the duration of the larval stage, 
the imtial effects upon respiration closely resemble those obtained 
w ith X rays No great difference is apparent as a result of the varia 
tion of the duration of irradiation, but it mav be assumed that such 
differences would appear if shorter irradiations were made That this 
IS so and that the effect observed is due principally to the ultraviolet 
component of the radiations is indicated by another experiment where 
in two lots of larvae were similarly irradiated for 1/2 hour, except that 
one lot was protected by an interposed pane of clear glass (cleared 
X ray plate) which filtered out a considerable part of the ultraviolet 
radiation The results, including observations on a control lot, are 
given in Text fig 2 

In a third experiment four lots of larvae were observed, three of 
which were given a single irradiation for 30 minutes as m the first 
experiment but at ages about 1 day apart The results are given m 
Text fig 3, where there appears to be a greater deviation immediatdy 
after irradiation the older the larvae, but less total displacement of the 
respiratory curve The initial depression of rcspiratory.,.rate after 
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irradiation appears to be roughly proportional to the respiratory rate 
just before Again the median age at pupation is sensibly the same m 
all lots, and imagos appeared in each lot at about the same tune 

Sunilarly with four lots, A, B, C, and D, an experiment was per- 
formed where D was the control, and all other lots were irradiated 
simultaneously on the 1st day, A and B again simultaneously on the 
2nd day, and A once more on the 3rd day — all irradiations being of 10 
minute duration, with the result represented in Text-fig 4 Time of 
pupation and of emergence of imagos agam appear little afiected, and 
the same depressing effect on CO 2 respiration appears after each 
irradiation 

DISCUSSION 

Over ranges wherein certain lots werestiU experimentally the same, 
the close comparability of the respective respiratory rates even to the 
extent of close agreement m response to a second irradiation m the last 
experiment is remarkable The results given include all the observa- 
tions made m four of the first seven experiments wherein respiration of 
larvae was used as an indicator of effects of ultraviolet irradiation 
The first and third experiments presented are the better of duplicate 
experiments indicatmg roughlj'- the same results Success m develop- 
ing precise mass phenomena depends obviously on the technique of 
preparation and random sampling of the material 

In further work® where the acetic acid concentration of the food 
differed in pairs of lots of larvae after their random selection from a 
common batch — one of each kept as a control and the other irradiated 
with ultraviolet light — there appeared a marked concomitant varia- 
tion m sensitivity Interestmg in connection with this is a consistent 
decrease noted'^ in former work in sensitivity of larvae to x-ray irradi- 
ation (as evidenced by a halving of the extension of the prepupal 
period) when larvae sealed in paraffin-stearin wells were not provided 
with the usual ventilation during irradiation Further study of the 
influence of pH and CO 2 tension upon sensitivity of biological systems 
to various forms of irradiation appears to offer prospects of interesting 
results That such influence may be considerable, although of differ- 
ent significance in different situations, is indicated in the case of 
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mammals by the studies of Hussey,'* * Sprunt," and others on the 
mfluence of t ray irradiation on the properties of the blood 

A considerable number of the observations in these studies were 
made by Mr Emery F Barnngham 

StTMMARY 

1 Although ultraviolet irradiation of larvae did not prolong the 
larval stage as is the case with v rays, the immediate effects on respira- 
tory rates are strikmgly similar 

2 Effects of irradiation at different ages were observed and also 
effects of successive irradiations with remarkable agreement in com- 
parable lots 

" Hussey R , / Gen Phystot , 192(-22, 4, SlI 

" Hussey, R , 7 Gen Physiol , 1922-23, 6, 359 

"Sprunt.D H,/ Biol Chem ,1931,92,605 




LLECTRIC IMPEDANCE OF HIPPONOE EGGS 


By KENNETH S COLE 

(From (he Department of Physiology^ College of Physicians and Surgeons Columbia 
University^ New 1 ork, and the Bermuda Biological Station for Research) 

(Accepted for publication, December 20, 1934) 

The results on the alternating current impedance of Arbacta eggs 
(Cole, 1928 b) indicated that a polarization type of impedance predom- 
inated at the surface of the egg This is also the case for many tissue 
membranes (Fncke, 1931 , Cole, 1932, Bozler and Cole, 1935) whereas 
the impedance of the membranes of red blood cells, (Fncke, 1925) and 
yeast (Fncke and Curtis, 1934) is predominantly that of a static 
capacity Because of the similanty between the eggs and tisspes and 
since the analysis of data can be much more complete for suspensions 
of spherical cells than for tissues, it was desirable to extend the previ 
ous ^vork Measurements of the resistance and capacity should 
completely determine the polarization characteristics of the mem 
brane as was not possible from the measurements of scalar mipedance 
made on Arbacta eggs The work on musdc (Bozler and Cole, 1935) 
and Lamtnarta (with B M Hogg, unpublished) emphasized the im 
portance of the zero frequency conductance of the membrane, but the 
measurements of the volume concentration of the ^rftacta suspensions 
were not accurate enough to be used for this purpose 

Prcparalton of Material 

Some difficulty vsas expcncnced m obtaining a suffiaent quantity of Arbacta 
eggs from a single female, so it was deeded lo work with IltpponoS esculenta one 
female of which yields as much as 100 cc of settled eggs between October and 
January m Bermuda 

The urchins were either injured and allowed to shed the eggs mto sea water or 
the o\ anes were removed and placed in sea water The suspicnsions were stramed 
through coarse boUmg cloth It was found that with jellv present, the volume 
concentration of settled or bghtly centrifuged eggs was often less than 20 per 
cent This jeliv was difficult to rcmo\c cnlirclj by shaking without mjury to the 
eggs but a mild shaking removed part of u and gave 30 per cent to 50 per cent 
8<7 
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concentrations of eggs in good condition The rather heavy suspension was then 
placed in a large crystallizing dish with 2 or 3 hters of sea water and allowed to 
settle The supernatant sea water and detached jelly were siphoned off and the 
eggs given another such washing Before measurement, the suspension was cleared 
of jelly-free eggs and excess sea water by hght centrifugmg 

Apparatus 

ConducHvtly Cell — It was planned to use a bubbler cell of the type developed 
for the Arlacia eggs, but the Eipponoe eggs were m better condition after standing 
m jelly than after strippmg and bubbhng The conductivity cell was made in the 
form of a burette, 0 64 cm mside diameter and 24 cm long, mcludmg the burette 
stop-cock at the low'er end Cylmdrical electrodes, 0 5 cm long, w'ere sealed into 
the wall of the cell, 9 3 cm apart This cell could be conveniently filled by suction 
and dehvered 5 08 cc from the fiduaal mark above the upper electrode The elec- 
trodes were platmized platmum and the cell constant was 29 5 When the sus- 
pensions were diluted with sea w’ater and insermnated after an hour m the cell, 
normal fertilization and cleavage took place m practically all of the eggs Withm 
10 or 15 mmutes after the eggs were drawn mto the cell, the resistance and ca- 
pacity reached steady values which only changed slowly over a period of hours, 
if there were no appreaable temperature changes Most of the measurements 
were made at temperatures between 21 and 24‘’C 

Wheatstone Bridge — ^The parallel resistance and capacity measurements were 
made with the same alternating current Wheatstone bridge used for the muscle 
impedance (Bozler and Cole, 1935) at eleven frequences from 1 08 kc (kilocycles 
per second) to 2 32 10^ kc The substitution method was employed at all fre- 
quencies The egg cell and precision condenser in parallel were first balanced 
directly agamst another air condenser and electrolytic resistor (Bozler and Cole, 
1935) m parallel on the other arm of the bridge The egg cell was then replaced by 
a second electrolytic resistor and the bridge agam balanced by adjustment of this 
resistor and the precision condenser 

The resistance of the unknown was then found from cahbrations of the electro- 
lytic resistor made before and after each run The capaaty of the unknown was 
given by the sum of (1) the change m capacity of the precision condenser, (2) the 
capaaty of the electrolytic resistor, and (3) the difference in capacities of the leads 
to the cell and to the resistor The error due to changes of inductance was neg- 
ligible An entire frequency run could be made m less than 15 mmutes 

Measurements and Results 
Volume Concentration and Membrane Resistance 

The specific resistance, r, of a suspension of homogeneous spheres is 
given by the Maxwell equation 
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1 - fi/r ^ 1 — fi/fi , . 

2 + r.A “ 2 + r,!n 

■where p is the volume concentration and ri and ate the speafic 
resistances of the medium and the spheres respectively Since the 
suspended cells ate not homogeneous they may more reasonably be 
assumed to consist of an electrically homogeneous interior of specific 
resistance, rj, surrounded by a thin membrane having a parallel capac- 
ity Co and resistance r, per unit area When the radius of the sphere 
IS a, it can be shoivn (Cole, 1928 a) that the specific resistance fj of the 
equivalent homogeneous sphere is 

ri - Cl + fi/o 

At sufficiently low frequencies, the reactance of the membrane, 
1/Cou, ■will be large compared ■with its resistance rj and the specific 
resistance of the suspension, r, w ill approach its limitmg value ro If 
the membrane is non conducting, rj, and consequently f , is infinite so 

1 fl/Co £0 

2 -f- o/ffl 2 

•where po is the "non-conductmg volume concentration," (Fricke and 
Curtis, 193S) It cannot in general be assumed that the membrane 
IS a non conductor at low frequenaes, so that an mdependent measure 
of p IS necessary to determine f. If it is then found that there is no 
significant difference between p and po it may be concluded that, within 
the experimental error, the membrane is non-conducting and the cells 
are equivalent to non-conducting spheres 
The volume concentrations of the Ariacia suspensions were calcu- 
lated from the centrifuged volume of eggs The method seemed 
quite unreliable, as Gerard and Rubenstein (193i) have pomted out, 
and could not be used for Htpponoe eggs 
The hemoglobin colorimetric method for the measurement of volume 
concentration has been very successful for blood (Ponder and Saslow, 
1930) and ptelirmnary experiments by Ponder at Cold Spring Harbor 
on Asicrtas eggs indicated that it might be generally applicable to 
marine eggs Unfortunately the hcmoglobm seemed to be absorbed 
by the jelly m such large amounts that it could not be used, and the 
dye indigo carmme was then tried It does not penetrate / 
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and is not appreciably absorbed by tbe Uipponoc jelly A senes 
of measurements all gave volume concentrations p considerably higher 
than the non-conducting concentration po The calculated values of 
membrane resistances were quite low and not at aU consistent with 
each otlier From the capacity measurements, there was reason to 
suspect a high membrane resistance which gave additional cause to 
suspect the determinations It seems probable that sufl&cient col- 
loidal material, from the jeUy, remained in the color sample from the 
suspension, to falsify the color match against the standard made up 
from fresh sea water 



P^Po 

Fig 1 Frequency distribution of the differences of the titration percentage 
volume concentration, p, and the low frequency non-conductmg percentage volume 
concentration, po, for Hipponoe eggs Open blocks for unfertilized suspensions, 
and shaded blocks for fertilized suspensions 

The next attempt was essentially a conductance titration The egg 
suspension in the cell, 5 08 cc was run into 10 cc of iso-osmotic dex- 
trose solution, the eggs removed by centrifuging, and the resistances 
of the supernatant solution and sea water measured From their 
ratio, and a calibration curve, the volume of sea water added to the 
dextrose, and consequently the egg volume concentration of the origi- 
nal suspension, p, could be determmed At the same time, a standard 
containing the amount of sea water corresponding to the non-conduct- 
ing volume concentration, po, was measured as a check 

The frequency distribution of the differences, p — po is shown in 
Fig 1 Two suspensions of fertilized eggs are included and two 
deterrmnations have been omitted In one of the latter some cytolysis 
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took place and in the other the eggs settled slightly m the conductivity 
cell and left clear sea water above, which was not removed 
There is no evidence to indicate any in;ury or salt leakage of the 
eggs in the dextrose solution The surface capacitj and internal 
resistance of the eggs were not affected and there are no systematic 
differences between p and po The eggs with their attached jelly 
probably assumed a somewhat regular arrangement in the cell, but 
this did not seem to invalidate the application of the Manvell equation 
It may be concluded that within the limits of experimental error, the 
celt membranes of both the unfertilized and fertilized Btpponoc eggs 
are non conducting 



Tig 2 Resistance R u reactance X in ohms for a 39 3 per cent suspension of 
unfertilized Bipponci eggs 


Membrane Capacity 

The equivalent series resistance, R, and reactance. A, were com 
puled for each frequenej , n, from the observed parallel resistance, 
R„ and capaaty, Cp, bj the formulae, 

K=R, \ 

where ai = 2ir« and Uie Rp C^aP term is negligible The complex phne 
locus (Cole, 1928a) for an unfertilized suspension is shown in Tig 2 
It is seen that the phase angle of the variable impedance element is 
90° over most of the frequenej' range, so it is concluded that the mem 
branc impedance is predommantlj that of a static capacity This 
agrees w ith the obsen ations at frequcnacs from 1 08 kc. to 10 8 kc 
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that the parallel resistance and capacity of all suspensions were con- 
stant within the limits set by temperature variations and electrode 
polarization errors 

The membrane capacity per unit area, Co, may then be computed 
from the formula (Cole, 1928 a) 

C = 2c Cp 

(2 4- rj/ro) (1 — fs/ro) a 

where c is the cell constant, Cp the parallel capacity of the suspension, 
Ti, and fo} the resistances of sea water and the suspension at low 
frequency, respectively, and a the egg radius For the suspension of 
Fig 2,c = 29 5, Cp = 70 /z/i/, n = 552 ohms, ro = 1082 ohms, and a = 
39 5/1, so Co = 0 85 pf/cm - After standing several hours, the mem- 
brane capacity decreased, occasionally as much as 10 per cent The 


, rr .rJ ti.n , 

05 to 15 W 

Cq ,aF/cjn^ 

Fig 3 Frequenc}’’ distribution of the membrane capaaty Co of ffr/’/’Wwe eggs 
Open blocks for unfertilized eggs and shaded blocks for fertilized eggs 

frequency distribution of the first measurement of Co on the eggs of 
sixteen females is shown in Fig 3 

For unfertilized eggs, the average Co = 0 87ju//cm which is dose 
to the value of 0 81 /t//cm ^ for the red blood cell (Fricke, 1925) and 
0 6/x//cm * for yeast (Fricke and Curtis, 1934) It is to be noticed 
that there is a rather wide variation between the eggs of different 
urchms, the largest value bemg 1 Olpflcm^ and the two smallest, 
0 llpflcm 2 

Quite by chance, the eggs of the two latter urchms were chosen for 
fertilized experiments After insemination, less than 1 per cent of the 
eggs failed to raise membranes and nearly all underwent normal third 
cleavage No measurements were made less than 10 minutes after 
insemmation, but at that tune one had a membrane capacity of 1 9 
jif/rm 2 and the other 2 0 ju/ /cm ^ or an average of two and a half times 
the capacity of the unfertilized eggs No changes were observed dur- 
ing the half hour the eggs were in the cell 
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Internal Specific Resistance 

The departure of the high frequency points from the semicircle is 
beheved to be real, although it is just at the limit of the experimental 
error Consequently an extrapolation to the mfimte frequency resist- 
ance IS difficult to justifj However, if the measurements are not m 
error, they strongly suggest the entrance of another reactive element 
into the picture The divergence is more marked and extends to 
lower frequenaes in the complex plane locus of the fertihzed eggs 
shown m Fig i which lends considerable weight to the hypothesis 
From this viewpoint, the internal resistance, fj, calculated by Equa 
tion 1 from r = r„, the high frequency mtercept of the semicircle on 



Tig 4, Kesistance R vs reactance X in ohms for a 29 7 per cent suspension of 
fertilized Bipponot eggs 

the resistance axis, should be the equivalent low frequency resistance 
of the egg interior Then the values of ts/ri range from 9 5 to 13 7 
The average low frequenej internal specific resistance is eleven times 
that of sea water for the unfertilized egg and eighteen times for the 
fertilized egg 

Saiellmg Experiments 

Low frequency measurements were made on two lots of unfertihzcd 
eggs in equilibnum with successive dilutions of sea water The eggs 
were measured m 100 per cent sea water and then m 80 per cent, 60 
per cent, and 40 per cent sea water with a half hour allowed for them 
to reach equilibrium after each change The egg diameters were not 
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measured, but were computed on the basis of an 1 1 per cent osmotically 
inactive volume as found for Arhacia (McCutcheon, Lucke, and 
Hartline, 1931) The membrane capacity per cm^ vs per cent in- 
crease of surface area is plotted m Fig 5 for one senes It is very 
interesting that the specific capacity should be a linear function of the 
surface Since the capacity per unit area increases as a macroscopic 
dielectric is made thinner, the observed decrease is surprismg and 
puzzling, and suggests a constitutional change in the membrane A 
single high frequency run in 44 5 per cent sea water showed a 37 per 
cent increase of the equivalent internal specific resistance 



of egg membrane for swollen unfertilized Hipponoe eggs 

DISCUSSION 

The reactance of many tissues and of Arhacia eggs seems to be 
largely due to a membrane impedance of the type z(c.i) = Zi(;w)~“ 
(Cole, 1934) found in electrolytic electrode polarization and the 
selenium barrier layer photocell Although there is no adequate 
theoretical basis for these phenomena or the empirical equation, the 
effect may be qualitatively explained as due to a back electromotive 
force resulting from a selective transfer of ions across the surface of 
discontinuity For zero permeability of all ions, a = 1 0, for complete 
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permeabilitj , a = 0, and for perfect permeability for one ion and aero 
for the other ion of a bmary electrolyte, a = 0 5 on the Warburg (1899) 
theory Thus for the case a < 10, some lomc permeability is to be 
expected If then there is anj permeability, we should expect a 
finite membrane resistance at zero frequency, and if there is a selective 
penneabiht> we should expect a to be greater than zero and less than 
unity 

Thus it has been difficult to understand the relation of the ion per- 
meability postulated from other considerations to the observed high 
resistance and static capacity of the red blood cell membrane How- 
ever, the experiments of Fricke and Curtis on blood (193S) and yeast 
(1931) suggest that the static capacity which predominates at high 
frequencies is of relatively slight physiological importance and that it 
IS the small increments of resistance and capacity at low frequencies 
which seem to have the characteristics of a polarization impedance and 
may be correlated with the physiological condition of the cells On 
the other hand the increase of the static capacity of Btpponoe eggs on 
fertilization and the deaease on swelhng mdicate that the seat of this 
capacity is not entirely inert When both a static capacity and a 
polarization impedance are present, the former may predominate when 
the membrane is relatively impermeable and the latter when the 
permeability is greater To predict the frequem^' range for the 
appearance of each would require a justifiable equivalent membrane 
arcuit 

There is no obvious reason to suspect a large difference in the ion 
permeabihties of the Btpponoe and Arbacia eggs so it was quite sur- 
pnsmg to find the predominance of the static capacity m the former 
when the latter indicated a polarization impedance As careful 
measurements as the conditions would permit down to 1 08 he gave 
no defimte evidence of the existence of a polarization impedance for 
the Btpponob eggs Even if present it might be very difficult to 
detect because of the low resistance of sea water and the high internal 
resistance of the eggs 

The internal specific resistance of eleven tunes that of sea water 
seems singularly high since Arbaaa gave 3 5 tunes sea water, red blood 
cells tw ice plasma, and frog sartorius 3 S times Ringer If the nuclear 
membrane enters at the high frequencies, then it would be effectively 
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non-conducting at the frequencies for which this resistance is calcu- 
lated If the cytoplasm has a specific resistance 3 5 times that of sea 
water then from the Maxwell equation for a two phase sphere (Cole, 
1928 a) the nucleus would occupy 60 per cent of the unfertilized egg 
and 73 per cent of the fertilized egg Again, the nuclear membrane 
may not be involved and the internal resistance may be low, but the 
high frequency divergence due to a polarization impedance at the 
plasma membrane in such relation to the static capacity that it appears 
at high frequency rather than low It is not possible at present to say 
whether the pronounced effect in the fertilized egg is due to a change 
in the postulated unknown element or whether it is the same as in the 
unfertilized egg, but unmasked by the increase in the static capacity on 
fertilization 

The author is particularly indebted to Dr H J Curtis of the Bio- 
physics Laboratory, Cold Spring Harbor, for his assistance and coop- 
eration in this work 


SUMMARY 

Alternating current resistance and capacity measurements have 
been made from 1 08 10^ to 2 32 10® cycles per second on suspensions of 
unfertihzed, fertihzed, and swoUen unfertilized eggs of the echinoderm 
Eipponoe esciiknta A simple method has been developed for measur- 
ing the volume concentration of eggs in a suspension 

The membrane of the unfertihzed egg is practically non-conducting 
at low frequencies and shows a static capacity of 0 87 f^f/cm ^ except 
perhaps at the highest frequencies The eqmvalent specific resistance 
of the egg interior is 1 1 tunes that of sea water 

The membrane of the fertilized egg is practically non-conducting at 
low frequencies and shows a static capacity 2 5 times that of the 
unfertilized egg except at the higher frequencies where another reactive 
element produces a marked effect The internal resistance is appar- 
ently higher than that of the unfertilized egg 

The static capacity per unit area of the membrane decreases as a 
Imear function of the surface area when the eggs are swollen in dilute 
sea water In 40 percent sea water, the capacity falls to about 75 per 
cent of normal 
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{From the Dimston of IBxochcmislry Untvcrstly of Cahfomta Medtcal School, 
Berkeley) 

(Accepted for publication January 16, 1935) 

The present "work is a continuation of the systematic survej of the 
solubilities, apparent dissociation constants, and thermodynamic 
properties of the ammo acids, which for some tune have been the 
subject of study ui this laboratory (1) We are reporting the solubil- 
ity in water of d tyrosme, dl tyrosine, duodo dl t> rosme, dibromo l- 
tyrosine, and dichloro I tyrosme over a temperature range of from 0® 
to 50®C , and the apparent dissociation constants of dibromo I tyrosine 
and dichloro I tjTOSine at 25® and 40®C From these data \se have 
calculated the heats of solution of all of the above amino acids and the 
apparent heats of ionization of dibromo f-tyrosine and dichloro l- 
tyrosine 

Methods 

The technique cmplo>ed for obtaining the solubihUes of the amino aads vras 
the same as described b> Dalton and Schmidt (2) The concentrations of the 
ammo aads m the saturated solutions were obtamcd by micro K]eldahl deter 
rnmations of nitrogen (3) The aitena of punty of the preparations were con 
stant solubiht) after repeated rcaystallizalion and constant solubihty when 
there was a small excess and a large excess of the solid phase 

For estimatmg the apparent dissociation constants, the solubilities of the 
ammo aads were determmed m aqueous solutions and m solutions contammg 
varymg amounts of sodium hydroxide or hvdrochloric aad The hjdrogen ion 
activities of the solutions were determmed with the aid of the qumh> drone elec 
trode They are based on the value 1 078 for the paH of 0 1000 molar HCl (4), 
and on the assumption that contact potential differences were eliminated b> the 
use of saturated potassium chlonde It was found impossible to use a h>drogen 
electrode because dibromo-/ 1> rosme and dichloro-/ t>TOsmc are easily reduced 
to tjTOSine by hydrogen m the presence of platmum black This procedure for 
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estimating the apparent dissociation constants of ammo aads havmg a low solu- 
bihty has been used by Hitchcock for /-tyrosme (5) and by Dalton, Kirk, and 
Schmidt for duodo-/-t 3 Tosme (6) The present work completes the data on the 
apparent dissociation constants for the dihalogen substitution products of /-tyro- 
sme which, up to the present time, have been found to occur naturally or which 
have been synthesized (7, 8) 


EXPERIMENTAL 

/-Tyrosme was obtained by enzymatic hydrolysis of casern After recrystal- 
lizmg It several times from hot water, the specific rotation of a 4 8 per cent solution 
m 1 0 molar HCl was found to be («)”«, = —12 4 Analyses gave theoretical 
values for mtrogen Its solubihty at 25° was withm 0 5 per cent of the value 
given by Dalton and Schmidt (2) 

d/-Tyrosine was prepared m two ways /-Tyrosme, obtamed by the above 
method, was boiled 24 hours with 10 times its weight of 40 per cent sodium hy- 
droxide solution The racemic tyrosme was preapitated with 50 per cent acetic 
acid and recrystallized several times from hot water d/-Tyrosme was also syn- 
thesized by a method furnished us by Professor M S Dunn of the University of 
California at Los Angeles ^ The mam steps m the synthesis were as follows 
malonic ethyl ester — > bromomalomc ethyl ester phthalumdomalomc ethyl 
ester — » sodium phthalumdomalomc ethyl ester -♦ p-methoxybenzyl phthahmi- 
domalomc ethyl ester — > <//-tyrosme hydrobrormde -> d/-t}uosine Both prepara- 
tions of dZ-tjunsme on analysis gave theoretical values for nitrogen and possessed 
no optical activity Them solubihties were withm 1 5 per cent of each other 
Twenty-four solubihty measurements were earned out at eight different tem- 
peratures between 273 1° and 332 6° absolute 

In Table I equations which express the solubility relationships as 
a function of the temperature are given for d/-tyrosine and the 
other amino acids studied The equations were obtamed by the 
method of least squares In Table II the solubilities of the ammo 
acids have been calculated on the basis of these equations in grams per 
1000 gm of water The thermodynamic relationship between AE, 
the differential heat of solution, A^ 2 , the mol fraction, T, the tempera- 
ture, and F, the pressure, can be expressed as follows (13) 

/ a In N t\ ^ ^ 

^ d r )p~ RT^ 

AH is also the total heat of solution of 1 mol of solute in an infinite 
amount of saturated solution In dilute solutions, such as we have 


^ Private communication 



TABI^ I 

Coejficicnts of Solubility Lquahons* of Tyrosine and the Halogen SuhsMutton Products of Tyrosine 
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c c “ 

+ + + + S 

>0 

+ + + +-!■ 




The constants /or Equation (3) arc given m Columns 6 to 8 The constants for Equation (4) arc given m Columns 0 to 1 1 
t The values for 1 tyrosine and diiodo 1 tyrosme arc taken from the paper by Ddton and Schmidt (2) 
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used, the value for A-ff can be assumed to represent the total heat of 
solution Smce In iV 2 = 3 46 X IQ-^r - 20 577, AH = 6 88 X 

TABLE II 


Table of Calctilaied Solubilities of Tyrosine and the Halogen SubsMuhon Products 

of Tyrosine 


t 

t-Tyrosine 

d Tyrosine 

it Tyrosine 

Diiodo / 
tyrosine 

Diiodo-dl 
t) rosine 

Dibromo-l 

tyrosine 

(hydrated) 

Dibromo l- 
tyrosine 
(anhy- 
drous) 

Dichloro-/ 

tyrosine 

°c 

0 


196 


196 


147 

0 


0 

149 

1 

213 



1 

015 

5 


232 


232 


175 

0 

255 

0 

176 

1 

463 



1 

147 

10 


274 


274 


208 

0 

318 

0 

207 

1 

764 



1 

303 

15 

0 

324 


324 


248 

0 

396 

0 

244 

2 

128 



1 

488 

20 

0 

3S4 


384 


294 

0 

494 

0 

288 

2 

566 

2 

432 

1 

709 

25 


453 


453 


351 

0 

617 

0 

340 

3 

095 

2 

723 

1 

973 

30 


537 

0 

537 

0 

417 

0 


0 

400 



3 

055 

2 

289 

35 


635 

0 

635 

0 

497 

0 

959 

0 

472 



3 

420 

2 

671 

40 


752 

0 

752 

0 

590 

1 

197 

0 

556 



3 

828 

3 

134 

45 

0 

889 

0 

889 

0 

703 

1 

493 

0 

656 



4 

295 

3 

696 

50 

1 

052 

1 

052 

0 

836 

1 

862 

0 

773 



4 

808 

4 

382 


These values were calculated on the basis of equations given in Table I All 
values are in terms of grams per 1000 gm of water 


TABLE JJl 

Differential Heats of Solution of Certain Ammo Acids 


Amino acid 

Differential beat 
of solution 


cal 

LTyrosine 

5,960 

d-Tyrosme 

5,960 

rf/-Tyrosme 

6,110 

Duodo-/-tyrosme 

7,830 

Duodo-df-tyxosme 

5,830 

Dibromo-/-tyrosme (anhydrous) 

3,970 

Dibromo-Ltyrosme (hydrated) 

6,630 

Dichloro-/-tyrosme 

5,170 


10-2 298 1° absolute, the value of AH for d/-tyrosme is 6,110 

calories In Table III the differential heats of solution at 298 1° 
absolute of the ammo acids studied are given 
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d Tyrosine nas obtained b} resolution of dt tyrosine using tbe method of frac 
tional crystalbzation of tbe brucme salts of formyl dl tyrosine (9) Tbe specific 
rotation of a 4 8 per cent solution in 1 0 molar HCl nas found to be (a)^ ■« 
+12 5 Analysis gave theoretical values for nitrogen Its solubdity at three 
different temperatures was inthm 1 0 per cent of the value for I tjTosme given by 
Dalton and Schmidt (2) 

The fact that the solubility of the racemic isomer is lower than that 
of the active forms is an mdication that dl tyrosme is a racemic com- 
pound and not a mixture Further evidence for this was provided bv 
the observation that J-tyrosme dissolves in a saturated solution of the 
racemic isomer If the latter had been a mixture this solution would 


TABIJE IV 

Change of Solubility of a Mixture of d Tyrosine and I Tyrosine with Time 


Time 

Solubility 

krt 

tm ft 1000 tm Z7iO 

1 

0 951 

3 

0 957 

6 

0 932 

12 

0 914 

24 

0 899 

48 

0 892 

72 

0 3S0 

120 

0 355 

144 

0 353 


have been saturated with respect to the levo isomer and the I tyrosme 
would not have dissolved when brought in contact with the saturated 
solution of dl tyrosme 

The compound, dl tyrosme, is formed when d tyrosine and I tyrosine 
are mnced m aqueous solution This was demonstrated by the follow - 
mg experiment 75 mg samples of both d and 1 t>Tosine were added 
to 100 cc of water at 25“ The amount of tyrosine dissolved was 
detenmned in aliquots removed from tune to tune The results are 
given m Table IV 

The solubility of the mixture at the end of 144 hours is within 1 0 
per cent of the solubility determined for dl tyrosine Lonng and du 
Vigneaud obtained similar results with a mixture of d and ^CJStlne 
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(10) It IS important that exactly the same amounts of <f-tyrosme 
and Z-tyrosme are used at the beginning of the experunent If there 
IS an excess of one form it wiU be left after the d/-tyrosme compound 
has been formed and the amount of tyrosine in solution will be the sum 
of the racemic compound plus the optically active form 

The solubility, apparent dissociation constants, and thermodynamic 
data for diiodo-Z-tyrosme have been reported by Dalton, Kirk, and 
Schmidt (6) Oswald (11) had reported previously a solubility value 
for diiodo-/-tyrosine which is between 7 and 8 times greater than the 
value reported by these workers, and a solubility value for diiodo-d/- 
tyrosme that approximated the solubility found m this laboratory for 
the levo isomer This suggested that, m the conversion of /-tyrosme 
into diiodotyrosme, racemization had taken place To clear up this 
point, a sample of the diiodotyrosme used by Dalton, Elirk, and 
Schmidt was reduced to tyrosine by the procedure outlmed by Harmg- 
ton (12), usmg palladium black as a catalyst The tyrosine obtained 
had the same optical activity as the /-tyrosme used m the preparation 
of the diiodotyrosme 

Diiodo-/-tyrosme and diiodo-(f/-tyrosine were prepared accordmg 
to the method of Oswald (11), startmg with /-tyrosine and d/-tyrosme 
prepared as described previously in this paper The products on 
analysis gave theoretical values for lodme and nitrogen The solubil- 
ity of the diiodo-/-tyrosme was within 2 0 per cent of the value given 
by Dalton, Kirk, and Schmidt The solubility of the diiodo-d/- 
tyrosme was lower than that of the levo isomer Nineteen solubility 
measurements of the diiodo-c//-tyrosme were carried out at six different 
temperatures between 273 1° and 320 6° absolute The usual equa- 
tions were devised and their coefficients tabulated m Table I By 
assuming that the perfect solution laws were obeyed, A£^ 2 D 8 i, the 
differential heat of solution, was calculated and is given m Table III 

Dibromo-/-tyrosme and dichloro-/-tyrosme were prepared by treat- 
ing /-tyrosine with bromme or chlorme m accordance with the pro- 
cedure recommended by Zeynek (8) The synthesized compounds 
were reduced to tyrosme by the procedure outlmed by Hanngton (12), 
using palladium black as a catalyst No essential change m optical 
activity of the tyrosme was noted 
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Dibromo-/-tyrosine crystallizes from water in two forms depending on the con- 
ditions under which the crystallization is carried out AVhen a boding, saturated, 
aqueous solution is allowed to cool with no agitation, the compound crystalhzes 
m long needles resembling salicylic acid and containing no water of crystallization 
(Fig 1) After air drying, analysis gave, within experimental limits, theoretical 
values for nitrogen and bromine When a warm solution is cooled in an ice bath 
with agitation, the compound crystallizes in platelets containing one half molecule 
of water of crystallization (Fig 2) The interesting thing about these two forms 



Fig 3 Solubdity curves for anhydrous (Curve I) and hydrated (Curve II) 
dibromo-/-tyrosme 


of dibromo-/-t3TOsine is the difference in their solubditj'-temperature relation- 
ship At 290 6° absolute, their solubdities are the same At lower temperatures 
the hydrated form is the more stable, and at 273 1° absolute, the anhydrous form 
wdl change to the hydrated form if allowed to stand at this temperature for a 
sufficient length of tune Between 282 1° and 298 1° absolute, both forms are 
stable for the period of time investigated (up to 3 weeks), and exhibit differences 
in solubdity Above 306 1° absolute, the hydrated form viU change to the an- 
hydrous form if allow ed to stand at this temperature for a sufficient length of time 
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Eleven solubilitj measurements were carried out on the hj drated 
form of dibromo I tnrosme at four different temperatures between 
273 1° and 298 1° absolute At higher temperatures the compound 
changed into the anhydrous form The solubility relationships of the 
hydrated and anhydrous forms of dibromo I tyrosine are graphically 
represented m Fig 3 The usual equations were devised and their 
coefEaents tabulated in Table I The differential heat of solution was 
calculated and is given in Table HI Fourteen solubility measure 


0 



Fig 4 Bichloro / t>Tosmc 

mcnts were carried out on the anhydrous form of dibromo I t>rosine 
at SIX different temperatures between 282 1° and 320 6® absolute At 
higher temperatures the compound decomposed The cocfiicicnts for 
the solubility equations are tabulated in Table I and the differential 
heat of solution is listed in Table III 

Dichloro I t^^^osme crystallizes from a hot aqueous solution at first as platelets 
which grov, into prisms containing watcrof crystallization ^n excellent dcscrip 
tion of the crystal form is giaen b^ Zeymek (8) A photograph of these crystals is 
shown in Fig 4 Anahsis of the preparation after drying in a xacuum desiccator 
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over phosphoric anhydride showed one molecule of water of crystallization 
Withm experimental limits, theoretical values for nitrogen and chlorine were 
obtained 


Fifteen solubility measurements m water on dichloro-f-tyrosme were 
carried out at seven different temperatures between 273 1° and 320 6° 
absolute At higher temperatures the compound had a tendency to 
decompose The usual equations expressing its solubility as a function 
of the temperature were devised and their coefficients tabulated in 
Table I The differential heat of solution is listed in Table III 


TABLE V 


Apparent Dissociahon Constants, Heals of Ionization, and Isoelectric Points of 
l-Tyrosme and Its Dilialogeit Subshhthon Products 


Substance 

Tempera- 

ture 

pK'i 

pX' 

pX', 

PI 

/-Tyrosine 

X 

25 

2 20 

9 11 

10 07 

5 6 

Duodo-/-tyrosine 

0 

2 21 

6 53 

8 31 

4 37 


25 

2 12 

6 48 

7 82 

4 29 

A H of ionization (calones) 

40 

2 11 

6 45 

7 45 

4 19 


980 

810 

8,790 


Dibromo-f-tyrosine (anhydrous 

25 j 

2 17 

6 45 

7 60 

4 30 

form) 

40 j 

2 11 

6 41 

7 28 

4 23 

A H of ionization (calories) 


1,700 : 

860 

' 9,120 


Dibromo /-tyrosine (hydrated form) 


2 16 

6 44 

7 58 

4 28 

Dichloro-/-tyrosine (hydrated form) 


2 12 

6 47 

7 62 

4 28 



2 08 

6 42 

7 31 

4 22 

A H of ionization (calories) 


1,140 

1,420 

8,830 



For calculating the apparent dissociation constants of dibromo-F 
tyrosine and dichloro-f-tyrosine from the soIubility-paH data, the 
equations developed by Hitchcock (5) were employed The data are 
presented m Table V Because of the uncertainty as to which disso- 
ciation constant represents the ammonium ion and which represents 
the hydroxyphenyl group, the apparent dissociation constants, found 
m this investigation, are reported as K/, Kz , and Ks, where Ki = 
TC 7^ 

Kf = — and Kf — Kao It is to be pointed out that very small 

Ki Kai 

errors either in the value obtained for 2 ^ 2 ' or for (H+) will make large 
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differences in the values of K, Because of this, the values obtained for 
JTj' indicate only roughly the order of magnitude of the dissociation 
constant 

The question concerning the relative strengths of the ammomura 
ion and the hydroxyphenyl group in I tyrosme is a difficult one to 
decide Simms (14) assumed that the hydroxyphcnyl group is the 
more acidic On the other hand, Cohn (15) considers that the ammo 
mum ion, under the influence of the hvdro'cyphenvl group, is the 
more acidic and that it has about the same strength as the ammonium 
ions in phenylalanine and serine Burch and Harris (16) titrated 
I tvrosine in the presence of formaldehyde and from the displacement 
of the titration curve, came to the conclusion that the ammonium ion 
is the more acidic However, their work is open to question, because 
they did not consider possible reactions of the formaldehyde with the 
hydrovyphenyl group The displacement of the titration curve would 
probably be the same as they found if the hydroxyphenvl group were 
the more aadic 

The measurements were carried out at 298 1° and 313 1' absolute 
for dichloro I tj rosine and for the anhydrous form of dibromo I 
tyrosme Measurements on the hydrated form of dibromo I tyrosine 
could be carried out only at 298 I" absolute, because at the higher 
temperature it changed to the anhydrous lorm Tor the purpose ol 
calculatmg the apparent heats of ionization of these compounds, the 
equation of van’t Hoff was used (13, p 298), 

d\n K Afl 
dT ” ^ 


or 


- £JI 


diR fa K) 



( 2 ) 


where T = the absolute temperature, R = the gas constant in calorics 
per degree, K = the true dissociation constant, and AH = the heat of 
ionization Since the true dissociation constants of these ammo acids 
are not known, the assumption was made that the equation holds 



900 


THERMODYNAMIC DATA OR TYROSINE COMPOUNDS 


when the values for the apparent dissociation constants are used 
instead of the true dissociation constants The further assumption 
was made that AH is constant over the temperature range from 298 1° 
to 313 1° absolute, and, therefore, for this temperature interval, equa- 
tion (2) may be written 


- AH = 


d(R In K) 



28,490 A pK’ 


(3) 


The dissociation values, heats of ionization, and isoelectric pomts of 
dibromo-Z-tyrosme and dichloro-Ttyrosine are given in Table V For 
comparison, the data of Hitchcock (5) relatmg to ^-tyrosine and those 
of Dalton, Kirk, and Schmidt (6) concerning diiodo-/-tyrosme are 
included From examination of the data given m Table V, certain 
conclusions can be reached /-Tyrosme and its dihalogenated substi- 
tution products have values of the same order of magnitude for pK/ 
From the point of view of the zwitter ion theory this constant repre- 
sents the dissociation of the carboxyl group and indicates that the 
substitution of the halogens in the hydroxyphenyl ring of /-tyrosine 
has very little effect on the dissociation of this group The pKa' and 
pKs' values of /-tyrosine are much larger than in the case of the di- 
halogenated substitution products This indicates that the groups 
represented by and Kz' are much more acidic in the case of the di- 
halogenated compounds than in /-tyrosine Because of the increase 
in the acidic properties of these groups brought about by the intro- 
duction of the halogens in the hydroxyphenyl ring, the dihalogenated 
substitution products of /-tyrosine are stronger acids than /-tyrosine 
Smce this increase in acidity is of the same order of magnitude, it 
appears that lodme, bromine, and chlorine, when substituted respec- 
tivel}'- to form the dihalogenated tyrosine compounds, have about the 
same effect on the dissociation constants 

A general rule m organic chemistry, usually valid, is that the sub- 
stitution of a strongly negative group, such as the halogens, wiU in- 
crease the acidic properties of groups m the molecule which have a 
tendency to give off hydrogen ions This effect is greater the closer 
the negative group is to the group dissociating to give h 3 '-drogen ions 
If this rule is assumed to hold true, it would be expected that the 
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introduction of halogens ad] acent to the hydroxyl group in the hydroxV' 
phenj 1 ring of I tvrosme would increase the acidity of this group much 
more than that of the ammonium ion which is separated from the 
halogens by several carbon atoms From the values for ph. ' and 
piis' of I tyrosme and its dihalogenated substitution products, it must 
follow that pK ' represents the dissoaation of the hj droxyphenj 1 
group and pivi' represents the dissociation of the ammonium ion in the 
dihalogenated substitution products of /-tyrosme This conclusion is 
mdependent of which group is more acidic m / tyrosme 

It has been pointed out by Kolthoff (17), Ebert (18), and Mejerhof 
(19), among others, that strongly acid groups have very small heats of 
ionization, whereas strongly basic groups possess large heat values — 
in the neighborhood of 10,000 to 12,000 calories Therefore, it should 
be possible to predict the nature of the group which is dissociatmg by 
estimating the magmtude of the apparent heat of ionization The 
organic radicals which are either weahly acidic or basic, such as the 
hydrosyphenyl and the imidazole rings respectively, will yield inter- 
mediate values for the heats of ionization and by this criterion should 
be readily identified 

It might be eiipected from the apparent heats of ionization of the 
dihalogenated substitution products of I tyrosme that the groups 
could be identified which give rise to the three dissociation constants 
Ki represents the dissociation of the carboxyl group and the heats of 
lomzation, calculated from its values at different temperatures in the 
case of diiodo / tyrosme, dibromo / tyrosme, and dichloro / tyrosme, 
are small as shown in Table V This is to be expected for a strongly 
acidic group 

The values for the heats of ionization of the groups represented by 
K ' and Kt are of no use in distmguishmg between the ammonium ion 
and the hydroxyphenyl group in the dihalogenated substitution 
products of /-t 3 'rosme, because sufficient data are not available for 
purposes of determming the heats of ionization that would be expected 
at the h> drogen ion activities at which they dissociate in these com 
pounds The heat of ionization of a group is not only a function of 
the group and of the temperature, but also of the paH at which it 
dissociates In the dihalogenated substitution products of / tj rosine, 
the hj drogen ion activities, at which the ammonium ion and the 
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hydroxyphenyl group dissociate, are so dififerent than in other com- 
pounds which have been studied, that it is apparently impossible to 
draw conclusions from the apparent heats of ionization, calculated 
from the values of K 2 and at different temperatures 

SUMMARY 

1 The solubilities and differential heats of solution of d-tyrosme, 
d/- tyrosine, diiodo-d/- tyrosine, dibromo-/-tyrosine (hydrated), dibro- 
mo-/-tyrosine (anhydrous), and dichloro-/- tyrosine (hydrated) have 
been determined 

2 Evidence has been advanced that d/-tyrosme is a compound 

3 From the solubility determinations at various acidities, the 
apparent acid and basic dissociation constants of dibromo-f-tyrosme 
and dichloro-Z-tyrosme have been determined at 25° and 40°C From 
these data the apparent heats of ionization have been calculated 

4 The question concerning which of the groups m /-tyrosine and its 
dihalogenated substitution products is responsible for each dissocia- 
tion constant has been discussed 
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VITAMIN A IN EYE TISSUES 

Bv GEORGE WALD* 

{Front the Kaiser Wtlhelm InsltltU fSr Zellphystohgte Berlin Dahlcm Germany, 
and the Chemical InsliMe of the UittversUy of Zilnch Zurich, Swit erlang 

(Accepted for publication December 29 1934) 

Animals deprived oi vitamin A become nigbt b\md after exposure 
to bngbt light, they fail to see at intensities -which still readily stimu- 
late the normal eye This is due to a delay m the dark adaptation 
processes -which normally replace the visual purple bleached by light ^ 
Endencia and Holm (1925) and Tansley (1931) have demonstrated 
directly that in rats suffering from avitaminosis A -visual purple is syn- 
thesized more slowly than m normal animals In extreme cases none 
may be formed in the retina at all (Tansley, 1933) 

The dependence of visual purple formation upon vitamin A is most 
direct About 3 weeks of vitamin A deprivation may result in severe 
mght blmdness m man (Aykroyd, 1930) and in the rat (Holm, 1925) 
before anv other deficiency symptom can be recognized In both 
animals a small quantity of cod Uver oil may cure the disorder -within a 
day 


* National Research Council Fellow in Biology, now at the Biological Lab 
oratones Harvard University A prelimmary report of this work appeared m 
Nature (1933) The research -was begun m the Raiser Wilhekn Institut fhr 
Zellphysiologie, Berlin Dahlem, and I am much indebted to Professor Otto War 
burg for the facilities placed at my disposal there I wish also to thank Dr 
Negelem and Mr Haas of that laboratory particularly for measuring the spectra 
shovm m Fig 2 The work was completed at the Chemical Institute of the Uni 
versity of Zurich I am happy to thank its director, Professor Paul Karrer, for 
man> kindnesses and much patient advice and supervision 

I am particularly indebted to m> wife Frances Kingsley Wald for having pre 
pared most of the 6000 pig and 5000 cattle retinas used m these cxpenmenls 
^ Blegvad’s paper upon the relation between vitamm A and various e> e ab 
normahties (1924) is classic in this field- A more detailed treatment of night blind 
ness may be found in the pioneer work of Kubli (1887) and a recent review by 
Dieter (1931) 
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The intimacy of this relation suggests that vitamin A is involved 
directly in visual purple synthesis, and so should occur in the eye 
tissues Several investigators have attempted to identify it there 

Holm (1929) has shown that fresh calf retinas added to an otherwise 
vitamin A-free diet may cure rats suffermg from avitaminosis A Yud- 
Icm, Kriss, and Smith (1931) have obtained similar results with dried 
pig retinas Such curative activity is not limited to vitamin A, 
however, but is shared to a high degree by kryptoxanthin (Kuhn and 
Grundmann, 1933) and the three isomeric forms of carotene (Kuhn 
and Brockmann, 1933) among the natural carotenoids Yudkin, 
Kriss, and Smith also found that ether extracts of the pig retina yield a 
blue color with arsenic trichloride This reaction again is not specific, 
but IS given by the carotenoid pigments generally The presence of 
vitamin A in the eye tissues is therefore still to be demonstrated 

The present experiments show that considerable quantities of 
vitamin A occur in the retinas and the combined pigment epitheha and 
choroid layers of frogs, sheep, pigs, and cattle 

Expcnments 

Eye tissues were washed twice m sahne, and then repeatedly in distilled water 
until no hemoglobin remamed in the washmgs About IS gm fresh weight of 
tissue were mixed with 10 cc of 95 per cent alcohol and 1 cc of 10 N aqueous potas- 
sium hydroxide, and kept at 7S°C for 20 minutes to saponify The tissues were 
completely disintegrated by this process The mixture was cooled, diluted with 
water, and refluxed with benzine at 60°C for 20 minutes The benzme layer was 
drained off, and the aqueous layer extracted cold a second time with benzme 
The combined benzine extracts were washed thoroughly with distilled water, then 
dried overnight with anhydrous sodium sulfate The benzine was distilled off 
under reduced pressure, and the yellow, oily residue taken up in a few cubic centi- 
meters of dry chloroform and stored under argon at 0°C This solution was 
employed in the foUowmg tests 

Anhinony Tnchlonde Reaction — ^Extracts of various eye tissues, 
mixed with a saturated chloroform solution of antimony trichloride, 
always yielded the blue color characteristic of the carotenoids (Carr 
and Price, 1926, von Euler, HeUstrom, and Rydbom, 1929) This 
faded almost completely within several minutes, the solution finally 
turning a permanent red 

The initial blue color is due to selective absorption of the longer wave 
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lengths of the visible spectrum, specific for each carotenoid In this 
test vitamin A ma> be distinguished easily from all the other known 
members of the group through its absorption band at about 620 mp, 
since no other natural carotenoid yields bands above 590 m/i (von 
Euler, Karrer, Klussmann, and Morf, 1932) The vitamin A absorp 
tion at 620 m/i falls rapidly after the antimony trichloride has been 
added, while m impure preparations secondary bands appear at shorter 
wave lengths, which cause a red color in later stages of the reaction 
(Wokes, 1928) 

Retinal and pigment lay er extracts from frogs, sheep, pigs, and cattle 
display all of these characteristics The absorption band at about 
620 mp IS alwavs sharply defined A very faint additional band at 
about 580 mp is sometimes observed in more concentrated prepara 
tions This may be due to some hepaxanthin, which alway s accom 
panics vitamin A in fish liver oils (van Eekelen, Emmerie, Julius, and 
Wolff, 1932 , von Euler, Karrer, and Zubry s, 1934) or to an oxidation 
product of the vitamin (Brockmann and Tecklcnburg 1933) Neither 
substance appears to possess vitamin activity The permanent red 
color which succeeds the initial blue coincides v, ith the appearance of a 
series of bands, the strongest at about SOO mp, and others at about 
530 and 560 mp These are of no special interest, since a number of 
organic substances v leld delay ed red colorations yvith antimony tri 
chloride (Levine and Richman, 1933) 

The spectrogram of the antimony trichloride reaction yvith an 
extract of cattle retinas shoyvn in Fig 1 illustrates these properties 
For comparison a similar photograph of this reaction yvith halibut 
liver oil yv as taken upon the same plate The tyvo spectra are obyu 
ously identical 

Absorplwn Spectrum — Chloroform solutions of vitamin A possess a 
single broad absorption band in the near ultraviolet, the maximum of 
which IS at 328 mp The remaining natural carotenoids — except 
hepaxanthin, vv ith a band at 270 mp — all have absorption bands in the 
yisible spectrum, lying betyveen 400 and 500 mp (yon Euler, Karrer, 
Klussmann, and Morf 1932) The 328 mp band thus distinguishes 
vitamin A clearly from the other carotenoids Absorption spectra of 
the extracts in chloroform of sheep and ox retinas and pigmented 
layers and of pig retinas are shoyvn in Fig 2 The extinction coeffi 
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cients for each preparation have been multiplied by a factor, to give all 
of the maxima the same height on the ordinates This is tantamount 
to bringing all the preparations to an equivalent concentration, since 
concentration is directly proportional to the extinction coefficient 
The specific vitamin A absorption at 32S m/i dominates all of these 
spectra The curves rise without inflection from 500 m/i on, indicating 



Fig 1 Spectrograms of the antimom trichloride reaction \Mth an ox retinal 
oil (above) and with hahbut liver oil (belon) Each series consists of 5 second 
exposures made at 5, 20, 32, 60, 120, and 240 seconds (reading from the top donn) 
after mixing the reagents Both show the 620 and 580 m/i bands fading as the 
reaction proceeds, and the retinal series also the gron th of a secondar}'^ absorption 
at about 505 m^i The first and next to last spectra are of the antimony trichloride 
solution alone, the last is that of the iron arc 

that no other known carotenoids, excepting possibly hepaxanthin, are 
present in the extracts from these tissues 

Feeding Expo imcnis — These were performed at the Pharmacolog- 
ical Institute of Hoffmann-La Roche, Basel, Switzerland, using an oil 
from ox retinas 

2,000 ox retinas had been collected m 95 per cent alcohol over a period of 3 
weeks The sohd material was centrifuged out, mixed with about 800 gm anhy- 
drous sodium sulfate to dehydrate, and was extracted repeatedly with benzine 
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The alcoholic mother hquor was concentrated and sunilarly extracted The 
combined extracts were brought into methanol, and large quantities of sterols were 
frozen out m sohd carbon dioxide acetone mixture The residue from the first 
freezmg was redissolved m methanol and refrozcn The filtrates from both frcez 
mgs were kept separate They were brought mto benzine, washed, and dried over 
sodium sulfate After distilling away the benzmc the oily residues were sealed 
m high vacuum Two sterol free preparations resulted, with cod hver oil (c ko ) 
values of 28 and 20 The total vitamm A content m all fractions measured with a 
Lovibond tmtometcr, was 2 12 mg 

Rats had been kept on a vitamin A free diet until defiaency symptoms ap- 
peared loss of weight obvious reddening of the conjunctiva avoidance of hght, 
and m some cases turbidity of the cornea (xerophthahma) They were then fed 
small quantities of the retmal oil dail> Their weights were measured in 3 day 
mtervals 

The first preparation (28 c 1 o units) was administered in daily doses 
of 1 5 mg After 14 days the xerophthalmia had entirely disappeared, 
and the animals were again growing Smaller dosages were not tned 
due to lack of material 

The second preparation (20 do units) cured the avitaminosis 
completely m daily doses of 1 mg , 0 3 mg was found to be insufficient 
Intermediate dosages were not attempted The purest vitamin A 
preparations test at about 10,000 do units (Karrer and Morf, 1933) 
It follows that this retmal oil contamed about 0 2 per cent, and the 
tninisnal oi.rat.vve dase between. Q and l-x , nt ^wte wtamvn. A 

Karrer’s sturgeon liver preparations mamtain growth in normal 
animals in daily doses of 0 Zy From 0 5 to 27 per day of other fish 

* The units are those recommended m the Report of the Cod hver Oil Colour 
Test Sub committee, Pharmacopoeia Commission Reports, London, March 1931 
(ated from Karrer, von Euler, and SchOpp, 1932) The c.1 0 unit is defined in 
terms of the blue value of the antimony tridUonde coloration, measured m a 
Lovibond tintometer, by the formula 

_ _ » 20 X blue value 

C L 0 umts TT — ; 

mg oil per cc. chloroform solution 

Smee highly purified vitamm A preparations ha\ e a cJ 0 value of about 10 000 
(Karrer von Euler, and Schdpp, 1932, Karrer and Morf, 1933), the concentration 
of vitamm A m an oil may be computed in absolute units from the same formula 
Substitutmg 10 000 for the left hand expression the denommator of the right band 
one becomes mUbgrams of vitamm A per cubic centimeter of solution 
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liver oils having comparable c 1 o values are needed to produce the 
same effect (Karrer, von Euler, and Schopp, 1932) The requirement 
for simple maintenance appears to be less than for curing avitaminosis 
The retinal and the purified fish liver preparations are therefore in good 
quantitative agreement 

Concent) ati07is — Two non-biological methods are m standard use 
for measuring vitamin A concentrations The first depends upon the 
blue color produced with antimony trichloride and measured as already 
described in the Lovibond tintometer The second method uses the 
extmction coefficient at 328 mfj, as the direct measure of concentration 
A 1 per cent chloroform solution of the purest vitamin A preparations 


TABLE I 

QuaiiMies of Vitamin A in Eye Tissues 


Anunal 

Tissue 

Dry 

weight 

per 

tissue 

Method 

7 Vita 
min A 
per 
tissue 

y Vita 
min A per 
gm dry 
tissue 



mg 




Ox 

Retina 1 

51 , 

Absorption, 328 m/i , 

1 05 

20 6 


Retina 


Lovibond 

1 06 

20 7 


Retina 


Lovibond 

1 02 

20 0 

Sheep 

Retina 

26 

Absorption, 328 mp 

0 65 

25 0 


j Pigmented layers 

32 

Absorption, 328 mp 

0 75 

23 5 

Pjg 

1 Retina 

21 

Absorption, 328 mp 

0 51 

24 2 


I Retina 


Lovibond 

0 36 

17 4 

Frog (E esculcnta) 

Retina 

3 0 

Pulfrich 

1 25 

415 


Pigmented layers 

2 25 

Pulfrich 

4 24 

1890 


has an extinction coefficient at 328 m/i of about 1350, when in a layer 
1 cm deep (Heilbron, Heslop, Morton, and Webster, 1932) Since 
the extinction coe&cient is directly proportional to both the concen- 
tration and the depth of the absorbing layer, the concentration of 
any unknown vitamin A solution may be computed from these figures 
Measurements of both these types are presented m Table I At the 
time the frog extracts were prepared no Lovibond tintometer was 
available, m this case the absoiption of the 620 m/i band was measured 
m a Pulfrich photometer (Zeiss), and then reduced to Lovibond units 
(van Eekelen, Emmene, Julius, and Wolff, 1932) 

Two features of the data are of interest The first is the constancy 
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of the proportion by weight of vitamin A m the mammalian tissues 
The quantity of vitainin A per gram dry weight of retina in the various 
species IS in all cases about 22y 



Fig 2 Absorption spectra of^eyc tissue extracts m chloroform The absorp- 
tion IS plotted as the extinction coefBaent log I //, m which T is the intensit> of 
monochromatic bght entenng the test solution, I that leavmg it All of the curves 
possess the vitamin A maximum at 328 The rise at shorter wave lengths is 
due to an unknown component These spectra resemble throughout those of 
cod liver oils (Drummond and Morton 1929) 


The frog retina weighs about 1/17 as much as an ox retina, yet 
contains considerably mote vitamin A The frog pigmented layers 
exceed e\ en this high concentration by about 4 5 tunes, and are among 
the very richest animal sources of the vitamin 
It IS of some interest to compare these figures with the previous dat 
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obtained by feeding rats with whole retinas Holm (1929) found that 
50 mg of fresh calf retina displayed definite anti-xerophthalmic effects, 
while 750 mg also restored optunal growth Holm states the dry 
weight of these tissues to be about 12 per cent of the fresh weight 
Computation of these quantities on the basis of 227 vitamin A per 
gram of dry tissue yields the values 0 13y vitamin A for a positive 
effect and 1 987 for complete cure, which are consistent with the 
results of the present experiments 

Yudkm, Kriss, and Smith (1931) found 30 to 50 mg per day of dried 
pig retina sufficient to cure rats suffering from avitaminosis A, 20 mg 
per day maintained growth m normal animals, though inadequate for 
cures Computed in the same way these amounts reduce to daily 
doses of 0 66 to 1 I7 vitamm A for curmg diseased rats and 0 447 for 
maintaining normal animals, figures which agree well with those 
obtained in the present work and occurring elsewhere m the literature 

This correspondence of the results obtained with whole retmas and 
with concentrates is an assurance that the vitamin A content of the 
retina accounts completely for its anti-xerophthalmic and growth- 
stimulatmg activity 

Retinal vitamm A concentrations imght be expected to vary with 
the state of nutrition I can say little concerning this matter as 
yet Animals obviously suffering from lack of the vitamin have not 
been used m any of these experiments The three cattle measure- 
ments were made in January, February, and June of 1933, the change 
from winter to summer feedmg seems to have had no effect upon the 
retinal vitamm A 

An experiment with frog tissues is perhaps pertinent to this problem 
The frogs (R esailenta) were winter animals They had been brought 
to the laboratory in November, and kept there at room temperature 
without food for about 3 months Extracts were prepared of the 
combined retmas and pigmented layers and the livers of five of these 
animals The hver extract was bright yellow, it gave a strong anti- 
mony trichloride reaction, showing the vitamin A band at 620 m/i and a 
ver)'' famt one at about 590 mju 

The extracts from both organs were diluted so that the initial 
colorations with antimony trichloride were of equal intensity From 
the dry weight of tissue used m each case and the final volumes of the 
solutions the relative vitamm A could be computed The proportion 
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by dry ■weight ol 'vitamm A m the eye tissues ■was found to be shghtly 
more than 35 times that m the liver 

DiscnssiON 

The speafic activities of vitamins are still so mysterious that their 
functions are at present usually referred vaguely to the whole organism 
The presence of ■vitamm A m high concentrations at the site of its 
most sensitive defiaency symptom — ^mght bhndness — implies some 
more detailed relationship This association does not seem to be 
merely fortuitous, for in an exhaustive survey of the tissues of the rat, 
Moore (1931) has sho^wn this vitamin to be virtually absent from all 
other organs but the liver 

Smce the present experiments were first reported (1933), von Euler 
and Adler, at StocUiohn (1934), have confirmed the presence of vita- 
min A in cattle retinas, but state that these and pigment layers also 
contain a yellow matenal which they believe to be carotene 

I have found no trace of carotene in any mammalian eye tissue, 
including retinas and pigmented layers from German, Swiss, and 
American cattle, exanuned durmg various seasons Some yellow 
substance is present m the extracts from these tissues, but in no case 
have they exhibited spectroscopically the bands at 466 and 497 m/i 
characteristic of carotene, nor the band at 590 mp which this substance 
yields with antimony trichloride (von Euler, Karrer, Klussmann, and 
Morf, 1932) The spectra reproduced m the present paper objectively 
confirm this observation 

The concentrations of the yellow pigment, if estimated as carotene, 
were found by von Euler and Adler to be about Sy per retina and 
per pigment layer Carotene has been shown to be about as potent 
biologically as an equal weight of ntamm A (Moore, 1933) Were 
these observations correct, therefore, cattle pigment layers should 
exhibit about tvnee the vitamin A actmty of the retinas, and the 
latter tissues about six times the vitamm A potency actually realized 

SBilMARV 

1 Vitamin A has been found in the retinas and the combined 
pigment epitheha and choroid layers of frogs, pigs, sheep, and cattle 
The ntamm was identified by (o) its specific absorption at 328 mp, 
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(&) the blue color yielded with antimony trichloride, associated with 
an absorption band at about 620 m/i, (c) anti-xerophthalmic and 
growth-promoting activity, and {d) quantitative relationships among 
the results of these three types of observation 

2 The mammalian retinas contain about 22y, the frog retinas 
about 4 OO 7 , and tlie frog pigmented la}'^ers almost 2 mg of vitamin A 
per gram of dry tissue 

3 With the possible exception of hepaxanthm, no other carotenoids 
were found m the mammalian tissues 
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THE RESPONSE OF SINGLE VISUAL SENSE CELLS TO 
LIGHTS OF DIFFERENT WAVE LENGTHS 
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{Prom Ihe Eldrtdge Rteies Johnson FonndaUon for Medtcal Physics^ Vntxcrsily of 
Pcnnsvlvanta, Philadelphia) 

(Accepted for publication, January 22, 1935) 

Any adequate theoretical explanation of color vision and its related 
effects involves a consideration of how the single visual sense cell 
responds to different wave lengths of light Up to the present time 
this has been a matter of mference and hypothesis, and no direct infor- 
mation has been available concerning the response of the smgle sense 
cell to light from different parts of the spectrum In an earher paper 
(Hartlme and Graham, 1932) we have descnbed a method for observ- 
ing nerve impulses in single fibers of the optic nerve of Ltimilus polyphe 
tntis m response to stimulation of the attached sense cells by light 
The present paper is concerned with a discussion of the effect of wave 
length of the stimulating light upon this response 

Method and Apparatus 

The method for obtaining records of action potentials m the single optic nerve 
fibers IS as follows The lateral e> c of an adult Lvnuliis is exased with a centimeter 
or so of optic nerve and mounted in a moist chamber With the aid of glass 
needles the nerve is frayed out mto small bundles and the amplified action poten 
tials m such bundles are recorded by means of an osallograph In several tnals, 
splitting the bundles into still finer strands if nccessai> , one can obtain the response 
typical of a single active fiber and locate in the eye the ommatidium which con 
tarns the corresponding receptor unit Records from such a preparation provide 
the data for this report Detafis of the method the arrangement for the stimu 
lating light ' and the devices for controUmg its constancy and the duration of its 

* Department of Psychology, Gaik University 

t A part of the expenses of this investigation was met by a Grant m Aid from 
the National Research Council to one of us 

^ The pomtohtc lamp used m the previous studies has been replaced m these 
experiments by a tungsten filament lamp (photocell exater ^ 
pictures) working at a 20 per cent overxollagc 
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exposure have been described in a recent paper by one of us (Hartline, 1934) 
In the present experiments a condition of complete dark adaptation is mamtamed 
and the temperature is controlled to withm ±0 2°C 

To obtam spectral hghts of different wave lengths and known energy content 
we have employed Wratten monochromatic filters (Nos 70 to 76) in conjunction 
with Wratten neutral tmt filters and a hqmd filter of 1 per cent CuClz (31 mm in 
thickness) to remove the near mfrared (cf Hecht, 1928) While the Wratten 
filters do not yield strictly monochromatic light their transmission bands are 
narrow enough for the present purpose, and they have been used by other workers 
for a similar purpose (Hecht, 1928, Grundfest, 1932 b, Crozier, 1924) The trans- 
mission spectrum of each filter was corrected for the transmission of the CuCIz 
solution and the central wave length of this band was determmed for each filter 
by the method described by Hecht (1928) ^ A direct cahbration of the relative 

TABLE I 


Relative energies of spectral hghts supphed by seven Wratten monochromatic 
filters The light source IS a tungsten filament A filter consisting of 31mm of a 
1 per cent aqueous solution of CuCls is used to remove the near infrared 


filter No 

Central nave length 

Relative energy 

70 

fftfi 

690 

1 72 

71A 

640 

1 36 

72 

610 

0 96 

73 

575 

1 01 

74 

530 

1 00 

75 

490 

0 74 

76 

440 

0 67 


energy of the hght provided by each filter was obtained by means of a thermopile 
and a galvanometer, the thermopile bemg m the position of the eye Table I 
gives the results of these cahbrations In it are entered the central wave length 
and the relative energy of the hght supphed to the eye when the various filters 
are used The energy with filter 74 has been arbitrarily assigned a value of unity 

Wratten neutral tmt filters were emploj'ed to vary the mtensity of the stunu- 
latmg hghts Photometric deterrmnations of these filters have been made several 
tunes durmg the course of the work and their values found to be constant within 
3 per cent Moreover, they have been checked directly by means of the thermo- 
pile Under these conditions their densities with each of the monochromatic 

- We have neglected the correction due to the emission spectrum of the tungsten 
filament of the hght source This will shghtly affect the value of the central 
wave length 
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filters were found to be the same and withm 5 per cent of the rating given by the 
manufacturers Both the monochromatic filters and the neutral tint filters trans 
mit a large amount of the near infrared This does not affect the Limtths eye 
but of course it is measured by the thermopde and galvanometer It is for this 
reason that the CuCl filter has been used in all the experiments reported m this 
study 


RESUI-TS 

The response of the single receptor cell m the eye of Ltmulus, in 
terms of impulses discharged in its attached nerve fiber, has been de 
scribed in two previous publications (Hartline and Graham, 1932, 
Hartline 1934) When stimulating lights of different nave lengths 
but of approximately equal energy content are used it is found that 
the response to green light is stronger than the response to either red 
or violet, t c the latent period is shorter, the initial and maximum 
frequencv is higher and, for short flashes, the total number of impulses 
IS larger , n ith prolonged exposure the final level of frequencv is higher 
These are all characteristic of higher intensity of stimulation, and 
hence it should bo possible to make up for the lower level of response in 
the red and violet by supplying more energy at these wave lengths 
This has been done as shown in Fig 1 In this figure the intensities 
for the different wave lengths have been so adjusted that the responses 
arc approximately equal The first column gives the central wave 
length of the stimulating light, the second column gives the relative 
energy content of the light (referred to filter 74 as unity ), and the right 
hand column contains records of the responses to a short flash (0 04 
second) of each of these lights The response consists of a burst of 
seven impulses (plus or minus one) and it is seen that the latent periods 
and frequencies arc approximately the same It is clear that when 
the intensities arc properly adjusted there is no effect of vyave length 
per c 

To test this point more carefully vve have chosen three spectral 
lights in the red, green and violet portions of the spectrum and w e have 
taken pains to adjust their intensities to \ield responses as nearly 
identical as possible The close adjustment of intensity was obtained 
by varying the current through the tungsten filament of the light 
source and the energy values were obtained b\ direct calibration with 



Response 




530 J 0 


490 1 5 


440 6 7 



Fig 1 
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the thermopile The responses for the three different colors agree 
with each other impulse for impulse as closely as the reproducibility 
of the results will allow The experimental findmgs are summarized 
in Table II In this table the duration of the exposure, the cen- 
tral wave length, and the relative energy are given m the three left 
hand columns In the upper part of this table are given results 
obtained with a flash of 0 04 second duration The features of re 
sponse measured are latent period, initial frequencj (impulses 1 to 3), 
maximum frequency, and total number of impulses in the imtial burst 
The lower part of the table summarizes results obtamed with prolonged 
illumination In it are entered measurements of latent period, imtial 
frequency, maximum frequency, the level of frequency reached after 3 
seconds, and the time of the fiftieth impulse The experiments with 
the short flash were performed at two different levels of intensity, one 
level having one hundred tunes the energjf value of the other 

It may be seen that the responses to the three wave lengths whose 
energies have been properly adjusted are in close agreement, and that 
this agreement is maintained regardless of the energy level or duration 
of the illumination The agreement between the responses to the 
three wave lengths is as close as could be obtained at any one wave 
length with a repetition of the same stimulus To show the marked 
effect of intensity upon these features of the response we have added 
in Table II o a summary of results obtained in the same experiment 
with one wave length (filter 74) at different intensities Reference to 
Table II o shows within what small limits of intensity we have sue 
ceeded in matchmg the responses in Table II 

Table II shows that the responses to different wave lengths may be 
equated at two different lex els of the response and that the relative 
energies of the different w ave lengths arc in the same ratios regardless 
of the level of the response Thus, in Table II the energies of the 

Tic 1 Oscillographic records of the impulse discharge in a single optic nerve 
fiber m response to stunulation of the c>c by lights of different wave lengths 
The wave lengths are given in the first column The mtcnsities have been ad 
justed to give approximately equal responses and then values arc gii en m the 
second column In each record the lower bnc maths tune m fifths of seconds In 
the Imc above this appears the signal mdicabng the time durmg which the eje is 
lUununated (exposure = 0 04 second) „ 
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TABLE n 

Comparison of matched responses to hghts of difiFerent wave lengths, together 
with the relative energies necessary to produce them The comparison with 
short dashes (0 04 sec ) at two levels of mtensity (2 0 log umts apart) and with 
prolonged dlummation The energj' of the green hght (filter no 74) of highest 
mtensity is assigned a value of umty 
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cnerg} 
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period 
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1 
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0 356 

38 

3S 
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78 

98 
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97 
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0 64 
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79 

96 
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44 
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2 OS 

00 
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2 00 
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47 

64 


14 7 

2 42 


440 

2 6-t 

0 251 

43 

63 


14 6 

2 52 


TABLE na 


Data from the same experiment as Table 11, showmg the effect of mtensity of 
hght of a given wave length (filter no 74) on the various features of the response 
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brighter flashes are all 100 tunes (2 log units) greater than the energies 
of the less bright flashes at the corresponding wave lengths, but it is to 
be noted that the responses which are matched at one level are still 
matched at the other level Obviously, no Purhmje effect is exhibited 
by the smgle visual sense cell of Ltmulus This is in agreement with 
all our findmgs m thirteen other experiments over even greater ranges 
of intensity, the curves relatmg magnitude of response to log intensity 
of stimulus are parallel for all wave lengths These experiments show 
that within the limits of the reproducibility of results there is no specific 
effect of wave length other than one of brightness 
The relative energies of lights of different wave lengths required to 
produce the same response yield the visibility curve for the single 
visual sense cell In accordance with established usage the reaprocal 
of the energy at a given wave length necessary to produce a constant 
response is defined as the visibility at that wave length (Hecht and 
Wilhams, 1922) Thus in Fig 1 the reaprocals of the values of inten 
sity in the second column ate the visibility values of the hght whose 
central wave length is given in the first column (approximate only, 
since the responses are not perfectly matched) 

We have obtained visibihty curves for sixteen smgle sense cells m six 
animals In Fig 2 is plotted the logarithm of the visibihtv agamst the 
different wave lengths from these different experiments Thethreesets 
of pomts are the values for each of three smgle sense cells, the curve is 
drawn through the average values of all sixteen experiments The de 
tailed method for obtammg visibihty values of the different wave 
lengths was as follows For each spectral light the combination of Wrat- 
ten neutral filters was selected which would give an approximate equal- 
ity of response These hghts were presented m random order and rec- 
ords of the responses obtamed Short flashes were used (0 04 second) 
The green filter (No 74) was chosen as a control stimulus and repeated 
more frequently than any of the others The effect of intensity at a 
given wave length, i c green, was also obtained over a range which 
would embrace the range of response inequality (Ordinarily an 
intensity senes covermg a range of 1 log unit is sufficient for this 
purpose ) Some convenient feature of the response was chosen (c g , 
latent period, frequency of first 5 impulses, clc ) and this feature was 
measured for all the responses That portion of the experiment 
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showing least variation in the control response was chosen and the 
responses to each wave length were averaged These values are only 
approximately matched To obtain the visibility it is necessary to 



WAVE LENGTH -TinfjL 

Fig 2 The logarithms of the visibihty for smgle visual sense cells plotted 
agamst wave length The curve is drawn through the average values from six- 
teen experiments The pomts are values of the visibihties for single sense cells 
The circles and base-down triangles are the values for two cells from the same eye 
The base-up triangles are values for a sense cell from another eye The visibility 
of green hght (XS30 mp) is assigned a value of umty 

know what energy of stimulus should have been used to give a response 
which would be exactly matched for all wave lengths From the curve 
relating magnitude of response to intensity we determined the amount 
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of energy by which the actual stimulus should have been increased or 
decreased to equal exactly the average control response This is valid 
because the curves relating response and logarithm of energv for all 
wave lengths are parallel as has been shown We thus obtain the 
exact energy at each v, a\ e length necessary to produce a given constant 
response The value for the green is arbitrarily assigned a value of 
unity, and the reciprocals of the relative energies in the other wave 
lengths yield the visibilities at these wave lengths in terms of a visibility 
of unity for green In the light of the previous discussion it is clear 
that It makes no difference to the final result what feature of the 
response or what level of intensity is chosen for the calculation In 
deed, in some experiments a whole intensity curve was obtained for 
each wave length As has been stated above, these curves, pn a 
logarithmic scale, are parallel for all wave lengths, and the amount 
that each is displaced from the green gives the logarithm of the visibil 
ity (Hecht, 1928, Chaffee and Hampson, 1924) 

In Fig 2 it IS seen that the visibility curves for different experiments 
do not agree at their extremes This is not surprising when different 
animals are used, but in Fig 2 two of the sets of points are from 
different cells in the same animal, and their lack of agreement is 
greater than the limits of error This indicates that light of a given 
wave length does not have exactlv the same visibility in all of the sense 
cells m the eye of Timidiis We have performed nine espenments 
which agree in indicating a true differential sensitivity for wave 
length among receptor cells in the same eye 
There are two methods for testing this differential sensitivity 
Instead of dissectmg the nerve bundle until it contains a single active 
fiber we choose a strand in which there are several active fibers In 
the first method an analysis of the relative effects of wave lengths in 
different receptor cells depends upon the fact that the impulses m the 
different nerve fibers can be identified by their characteristics of form 
and magnitude The whole region supplied bv the active fibers is 
illuminated by lights of different wave lengths whose energies have 
been adjusted to give approximately matched responses In effect 
this amounts to performing several experiments simultaneously upon 
sense cells located close together under conditions which arc pre 
sumahly identical Records from such an experiment are reproduced 
in Fig 3 



640 34 



Tic 3 Oscillographic records of responses from two sense cells m the same eye to three different wave lengths The rela- 
tive intensities have been adjusted so that the responses of one sense cell (large impulses) arc approximately matched 
Recording as in Fig 1 
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In this experiment there are two active fibers whose impulses are 
readily identifiable by their size and form The intensities have been 
so adjusted that the response in the fiber giving the large impulses is 
constant for all wave lengths It is seen that these intensities do not 
constitute a match for the fiber giving the small impulses, but that 
this fiber gives a stronger response with the red light In passing to 
the green and violet it is seen that the latent period progressively 
increases and the number of impulses decreases The visibdity for this 
sense cell, then, must be lower m the violet and higher m the red than 
the visibibty for the cell givmg the larger impulses 
With this method high mtensity responses are unobtamable smce 
the illumination must be spread over a considerable area Threshold 


TABI.E in 

Negative loganthms of relative viabilities in tie red and violet (basis of visi 
bihty of X 530 mji equal to umtv) for four difierent sense cells m the same eye 


Sense cell Ko 

1 X MO iDji 1 

X 440 tnn 


|||||||RRI]|||||||| 

jo SS 



\o 48 

ir 


0 43 

m 


0 37 

IV 


0 81 


* The two values for this sense cell are repetitions at tie beginning and end 
of the experiment 


responses are apt to be quite variable and the impulse discharge (as 
shown m Fig 3) is irregular Moreover, the records are analyzable 
only provided they contain few active fibers Tor these reasons we 
have employed a second method This method depends upon the 
fact that the active fibers in a small bundle from the optic nerve fre- 
quently come from sense cells located m different ommatidia It is 
possible to locate these ommatidia and illummate them separately 
with a small intense spot of light (Hartlme and Graham, 1932) By 
means of an unproved micrometer mampulator (constructed by Mr 
A J Rawson of this Foundation) similar to the one described in an 
earlier paper (Hartlme and Graham, 1932) it has been possible for us to 
examine as many as six separate sense cells in the same eye in rapid 
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in the same eye are approximately similar they do differ by significant 
amounts It is true that many of the visibility values fall close to the 
average, but a good number deviate appreciably In view of the 
evidence we do not believe that this can be ascribed to expermiental 
error and feel that it represents a true differential sensitivity to wave 
length among the sense cells of the eye In view of the primitive 
nature of the Ltmulus eye this finding is somewhat surprising, for it is, 
of course, precisely such a mechanism as is postulated to explain color 
vision in the higher animals {cj Hecht, 1930) While any single sense 
cell cannot distmguish wave length differences it is clear that, for 
example, the two sense cells whose responses are given in Pig 2 can 
together distinguish violet from red, and the presence of differential 
sensitivity to wave length in the Ltmulus eye may be considered a 
possible peripheral mechanism for color discrimination Whether the 
animal possesses the adequate central and motor equipment to make 
use of this mechanism is not known 

The present data do not allow us to discuss m detail the types of 
variation m the visibility curves Apparently, however, the varia- 
tions are not confined to any particular portion of the range of wave 
lengths but are to be observed over the entire curve Moreover, the 
different curves cannot be obtained from a single curve by a shift in 
the position of the maximum We have been unable to distinguish 
any tendency on the part of the curves to fall into groups within which 
the visibility curves are identical or even nearly so As to the causes 
which might underlie the differences in the visibility curves of the 
various sense cells whether, for example, they are due to overlying 
pigment or to slight differences m the photosensitive substance itself, 
we are not in a position to speculate 

SUMMARY 

The effect of various wave lengths of visible light m the stimulation 
of single visual sense cells has been studied by means of the single fiber 
preparation from the eye of L^vmliis Oscillographic records were 
made of the impulse discharge m a single optic nerve fiber in response 
to stimulation of the attached sense cell by lights of different wave 
lengths Wratten monochromatic filters supplied the means for 
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obtaining the different spectral lights, the total intensity supplied to 
the eye being determined by a thermopile and galvanometer 
With lights of approximately equal energy content the strongest 
response occurs to the green region of the spectrum The response, 
however, does not vary qualitatively with wave length By the proper 
adjustment of mtensity, responses can be obtamed which are identical, 
impulse for impulse^ tor all the spectral lights used Moreover the 
ratios of the intensities for the various wave lengths necessary to 
produce a constant response do not vary with the intensity level of 
the stimulatmg lights, there is no Putkmje effect The single visual 
sense cell can gauge brightness but cannot distmguish wave length 
The reciprocals of the intensities necessary to produce a constant 
response when plotted against wave length give the visibility curve 
for the single sense cell This curve is symmetrical about a maximum 
at XS20mM, fallmg off to low values m the red and violet It closely 
resembles the visibility curve for human rod vision 
Bundles from the optic nerve containing several active fibers whose 
impulses can be distinguished by differences in form and magmtude or 
whose attached sense cells can be located and illuminated independ 
ently were used to determine whether there is any differential sen 
sitivity among sense cells in the same eye for different regions of the 
gjECtrum Such a differential sensitivity has been found to exist in 
the eye of Lzmuhis and may be considered a peripheral mechanism of 
color vision 
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regarded from different standpomts, not two different processes or 
processes in two different membranes The question, therefore, as it 
seems to us, is not, which of the two processes occurs, but rather which 
of the two viewpomts is preferable, m other words which viewpomt 
offers most chance to clarify the great complexity of permeabihty, that 
becomes more and more evident as more and more data m this field 
are collected 

For this question the following considerations will prove fruitful A 
solution, m the thermodynamic sense, is a homogeneous system, i e, 
characterized by the fact that each small fraction of volume has the 
same properties as the system as a whole If the concept of solution 
IS to be used, this condition must therefore be fulfilled It must be 
true that the inhomogeneity of matter due to its molecular structure is 
irrelevant Now the work of Langmuir, Adam, Rideal (1) and others 
has shown that at interfaces between two phases very strong molecular 
forces are active, resultmg m distinct orientations of the molecules 
Systems under such forces thus differ widely in the properties of their 
different parts According to Langmuir’s interpretation of the hquid 
expanded films (9) they may differ even in the state of aggregation 
The space properties of the molecules, which cancel out m a homo- 
geneous system due to random distribution, here add up due to orienta- 
tion and become the outstandmg properties of the system It should 
be strongly emphasized that this not only holds for monomolecular 
films, but for all interfaces where polar molecules are involved In 
other words At interfaces such as the cell membrane properties come 
up, which are due to a definite structure, and which do not obtain in 
the bulk of a homogeneous solution 

A very striking example of such structural properties due to orientation is the 
ion permeabihty of crystals The investigations of Tubandt and others (27) 
baA^e shown that most electrolyte crystals have a distinct selective ion permea- 
bihty For instance, crystals of AgCl, AgBr, AgoS, NaF, and others are solely 
cation permeable, PbBro, BaFo, BaCb, and others solefi'- amon permeable Ac- 
cordmg to JoffS the hmiting size of ions which can diffuse through a crj-^stal depends 
on the cr 3 fstallographic direction in which the diffusion takes place It is obvious 
that at least for the latter observation the molecular structure is responsible and 
to regard the crj'stal as a solvent would be inadequate The common feature 
which connects this field with that of cell permeabihty is the decisive effect of an 
oriented, instead of a random, molecular structure 
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Tor this reason it seems preferable not to use the concept of a homo 
geneous solution for the mterpretation of cell permeability, but to base 
the interpretation on molecular theory This can be done by regard 
mg the intermolecular spaces as pores and deriving the conditions 
m these pores from the properties and force fields of the adjacent 
molecular groups 

In this paper the attempt will be made to apply the pomts of view 
discussed to the collodion membrane as a model for cell permeabihtv 
Taking into consideration recent advances in knowledge concemmg 
molecular structures and new experiments on the reversal of the charge 
of the membrane, and furthermore experiments on membranes made 
of other cellulose derivatives, the mechanism of potentials of this 
membrane will be discussed once more It will be shown that its 
properties can be understood best from its molecular structure, fur- 
thermore that, using this interpretation, the contrast between solubil 
ity mechanism and pore mechamsm largely disappears Fmallj 
asymmetric membranes will be described and discussed 

The Mechamsm of the Membrane Potentials of the Collodion Membrane 

The entirelj dried collodion membrane resembles the cell membrane 
to a certain extent as to its permeabihty and its electromotive proper- 
ties It allows molecules of non electrolytes up to a sumlar order of 
size to permeate as the membrane of the erythrocyte does (IS, 18) 
Its behavior towards electrolytes is that of a selective ion permeable 
membrane (11, 16), as has also been shown for different cell mem 
brancs, for instance that of the erv throex tc, the nerve, and the muscle 

The mechanism of this selective ion permeabihty has been inter- 
preted by Michaelis in the following way The membrane consists 
of electncally non conducting matter Its electrical conductivity 
between electrolyte solutions is due to the presence of pores, through 
which the solution penetrates Withm these pores the cations hav e a 
higher apparent relative mobihty than anions If the membrane is 
put between two solutions of the same elcctrolj te in different concen 
trations, a diffusion potential anses, which is positive on the side of 
the dilute solution ‘ The drop of potential extends throughout the 

'Wc shall designate the concentration potential as positive throughout this 
paper it in the external circuit it is posiUve on the side of the more dilute solution 
and nee versa 
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length of the pore Its amount can be calculated by apphcation of 
Nernst’s formula for the diffusion potential 

„ RT u — V ^ Cl 

tL = — In — 

» C2 

where u and v mean the apparent relative mobilities of the cations and 
anions, ci and the activities of the electrolyte on the two sides of the 
membrane The direct experimental determination of the transfer- 
ence numbers (17) in an electric field for a given membrane agreed 
satisfactorily with those calculated from the measured concentration 
potentials 

The reason for the higher relative cation mobihty was assumed to be 
an adsorption and thereby immobilization of the anions at the walls 
of the pores Accordingly, the narrower the pore is, the higher is the 
fraction of adsorbed anions, the higher the difference of the relative 
mobilities of cations and anions, and the higher therefore the concentra- 
tion potential A pore, which is so narrow, that besides the adsorbed 
anions no more anions can enter is solely cation permeable, the value 
^ 

then equals 1 and the concentration potential reaches its thermo- 

u-\-v 

dynamic maximum, which is equal to the potential of a concentration 
chain, reversible for cations 

In contrast to this interpretation Beutner (4, 5) and Northrop (23) 
have claimed that the properties of the collodion membrane are not due 
to the presence and particular properties of pores, but to the respective 
solubilities of permeatmg molecules in the substance of the membrane 

Northrop, whose arguments will be discussed m detail later, comes 
to the following conclusion The ordinary collodion membrane, 
which has not been entirely dried, has pores But when the membrane 
dries entirely, these pores disappear and then the membrane allows 
molecules to penetrate only if they are soluble in the substance of the 
membrane According to this assumption the membrane would 
change its behavior decisively, when losing the last remainder of the 
organic solvent One would expect that this more or less sudden 
change would also appear in its electromotive behavior in the form of a 
discontinuity in the plot of potential against permeabihty This is, 
however, not the case, as Fig 1 shows The transition from mem- 
branes with large pores to those with supposedly no pores is steady 
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The permeability of sach membranes has been graded by imbibition of com 
pktely dried membranes m alcohol solutions of different concentrations according 
to Brown Piehrmnaiy experiments had shown that alcohol concentrations up to 
85 per cent do not change the electromotive properties much The concentrations 
of alcohol used therefore were 85, 90, 92 93, 94, and 95 per «nl. The completely 
dned membranes were allowed to swell m alcohol for 2 days Then their concen 
tration potentials between n/ 10 and N/lOO KCl and their permeabiUty for HCi 
were determined The latter was done by fillmg them with 25 cc n/ 10 HCI, 
putting them into 25 cc of water and titrating the HCI content of the outer solu 



TtoOH titrated after 0 houra--^ ItaOH titrated after EO minutes—* 

Tig i Concentration potentials and permeability for HCI of graded collodion 
membranes 

tion after a certain time It was necessary to use two different times of diffusion 
for the less permeable membranes and for the more permeable ones, so that only 
withm these two groups arc the values directly comparable Two membranes 
howc\er, arc represented m both groups, so that it can he ^en that no sudden 
change between the two groups occurs 

Further evidence for the steady transition from highly permeable 
to completely dned membranes is the following The sign of the 
concentration potential of the dned collodion membrane can be 
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reversed, as will be shown in the next section, by impregnation with 
quinine Membranes with high negative concentration potentials 
can thus be obtained If now such a membrane is not allowed to dry 
entirety, but the concentration potential is measured after different 
times of drymg, gradually mcreasmg negative concentration potentials 
are obtained, showmg that the same properties control the behavior of 
the wet and the dr}^ membrane, varying only quantitatively, not 
quahtativety with the size of the pores This is shown m Table I 
The same is true for membranes of cellulose acetate, which will be 
descnbed below 

We prefer the assumption, therefore, that the transition from the 
wet to the di^’^ membrane does not consist of an absolute constriction 

TABLE I 



Concentration potentials of collodion membranes impregnated with quinine 
and soaked in water after different times of drjung The potentials are measured 
between n/10 and n/100 KCl The sign is that of the dilute solution m the 
external orcmt 


Membrane No 


ConcentraUon polential 


1 

2 

3 

4 


14 

22 

48 


of the pores, but of a gradual transition of the pores mto the inter- 
molecular spaces, the change thus bemgonly quantitative, not quahta- 
tive The fact that according to Michaehs and coworkers (12, 14) 
besides the wet collodion membrane many other types of membranes. 


which doubtless have pores, such as the parchment membrane, also 
show quahtativety the same effect, though to a smaller extent, confirms 
the \dew that the transition from the dried membranes to the mem- 
branes contaimng pores is gradual The structure of the pore system 
graduall}'- changes to the crystal structure durmg dr 3 Tng 

The experimental basis for this view is provided by the recent 
investigations on x-ra}^ patterns of cellulose and cellulose derivatives 
The cellulose fibre has a cr^’^stal structure (25), in which the long 
cellulose molecules he parallel The imit cell of the crystal is the 
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glucose ring, Tvhose dimensions arc 5 15 A u in the direction o£ the 
length of the fibre and 5 4 A u and 6 1 A u in the perpendicular 
directions Trogus and Hess (26) showed that mtrocellulose fibres 
and fibres of other cellulose derivatives agree with cellulose in the 
fibre penod, while the mtermolecular distances are larger than in 
cellulose Mathieu (10) showed that when from a nitrocellulose 
solution a film is formed by evaporation of the solvent, the molecules, 
which were entirely dispersed m the solution, rearrange themselves to 
a great extent, a crj stai structure bemg formed again, whose x ray 
pattern is very much hke that of the fibre, though usually yielding not 
as sharp mterfercnces as the former 

The collodion membrane accordingly has to be regarded as a crystal 
in the same sense as silk may be considered as a crystal The electro 
static conditions in the mtermolecular spaces are then determined 
by the properties of the adjacent molecular groups According to the 
picture of the mtrocellulose molecule as shown m Fig 2, these groups 
are the NOs groups These highly polar groups have a dipole moment, 
the outer end of which is negative 

An adsorption of amons at these groups is not to be expected there 
fore On the other hand the negative charge of the collodion mem 
brane may be taken as proven, as shown not only by the sign of the 
concentration potential, but also by the duection of electroosmosis 
across the membrane or cataphoresis of particles of collodion The 
following modification of Michaclis’ interpretation seems to be neces 
sary therefore 

The electric field, which counteracts the entrance of anions into the 
pore, IS not established by adsorbed anions, but by the polar NOj 
groups, that is to say by the membrane itself The centers of negativ e 
charges in these groups he towards the interior of the pore and thus 
repel anions So within the total area of the pore there will be a 
certain fraction, into which, due to this repulsion, amons cannot enter, 
while cations can The extent to which, due to this situation, the 
apparent axerage mobility of anions in the pore is decreased relative 
to the cation mobihty, therefore depends on the ratio of this frac 
tional area to the total area of the pore Hence the concentration 
potential depends on the size of the pore just as it did assuming the 
mechanism of an anion adsorption 
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A phenomenon vrlucii could not satisfactorily be accounted for by 
the assumption of an adsorption of the penetrating ions is the behanor 
of protein membranes in buffer solutions as descnbed by Fujita (13) 
These membranes between two buffer solutions of the same pH, but 
of different concentrations, showed a concentration potential, the sign 
of which depended on whether the pH of the buffer was above or below 
the isoelectric point of the protem In the first case the membrane 

appeared to be negativel}^ charged and cation permeable, in the latter 
case positivety charged and amon permeable The diffusing ions were 
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Fig 2 The nitrocellulose chain 

Na~ and acetate", the concentrations of the and the OH~ 10 ns 
were neghgible Hence the assumption of an adsorption of the diffus- 
ing ions controUmg the concentration potential leads m this case to 
the assumption of an adsorption of Na"^ by protein Such an adsorp- 
tion compound is not known If, however, the charge of the mem- 
brane is the charge of the protein molecule itself, dependmg on the pH 
as the latter does, and the inhibition of cation mobihty is due to the 
repulsion of cations by this charge and not to immobilization by 
adsorption, the mterpretation is compatible with aU we know of the 
electnc properties of protems 
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Let us now consider Northrop’s and Beutncr’s arguments against 
the assumpbon of the pore mechanism Northrop found that the 
rate of permeation of gases through the dry collodion membrane is not 
inversely proportional to the square root of the density of the gas as 
it holds for diffusion of gases through pores Furthermore, that the 
rate of gas permeabon is independent of whether the membrane is 
filled with water or with air, whereas gas diffusion in air is about 
10,000 times faster than in water Finally, that the temperature 
coefficient o! permeation through a collodion membrane is higher than 
that of a mere diffusion 

All this IS comprehensible, if the dimensions in quesbon arc taken 
into account The dimensions of the cell of the cellulose molecule are 
around 5-6 A u Nitration increases the intermolccular distances 
The order of magnitude of the pore diameter has therefore to be 
assumed to be several A u Northrop himself calculated the diameter 
of the pore first from the rate of flow of water through the membrane 
to be about 10“’ cm , second from the vapor tension of water in the 
pores to be 10“’-10“’ cm These dimensions are far below the mean 
free path of the molecules, therefore the number of collisions of the 
molecules with the wall of the pore is of higher order of magnitude than 
that of colhsions with other molecules Hence the quoted law of gas 
diffusion does not hold nor is it to be assumed that the gas diffusion is 
inhibited by water in a similar way as in macroscopic dimensions 
Also the temperature coefficient of gas diffusion under these circum 
stances is certainly not that of free gas diffusion for the same reason 
It may be permissible to speak of a “solution" of the penetrating sub 
stance under such conditions, but this is by no means a contrast to any 
pore theory This statement holds for all cases, where the penetrating 
substance is not able to disrupt the crystalline structure of collodion, 
that IS to say causes no swelling or solution of the collodion, but where 
even under the influence of the penctrabng substance the structure 
remains ngid The difference between a substance like sodium chlo 
ride or sugar and on the other hand a substance like acetone is (cf 20) 
tliat the former has to utilize for penetrabon the preformed holes of 
the rigid structure, whereas the latter, when present in suffiaent con 
ccntration, can disintegrate the structure b> combination with the 
molecules of the membrane In all cases where the structure remains 
ngid, the concept of solubility is not very adequate and certainly not 
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in contrast to the pore mechanism As long as the membrane re- 
mains rigid, the pore theory holds good whether the pores are large or 
of molecular size 

Beutner interprets the potentials of the collodion membrane as 
phase boundary potentials, due to the different solubility of anions 
and cations m the substance of the membrane It will be shown later 
that the contrast between this interpretation and that of Michaehs 
disappears to a great extent when they are compared in detail At 
this place we shall only briefly discuss the experiments on which he 
bases his arguments in his last papers (4, 5) 


He shook cubes of collodion with solutions of chlorides and showed that the 
solutions become acid He ascribes this to the formation of HCl and compares it 
to the formation of free acid, which he justly assumes to account for the con- 
centration effect m his “oil chains ” We repeated his experiments and could con- 
firm the aadulation It is, however, mainly due to hydrolysis of the collodion, 
as can easily be shown by means of the diphenylamme test for nitric aad, which 
IS positive m the solution when it has become acid 

The second experiment of Beutner’s arguments was the foUowmg He ob- 
tamed a concentration effect m the cham 
/ ether-alcohol solution / sohd collodion mem- / aqueous solution of 
/ of collodion / brane / KCl 

by varymg the concentration of the KCI solution In this arrangement he con- 
sidered the conditions for the formation of a diffusion potential not to be estab- 
hshed and concluded that the effect could therefore only be interpreted m terms 
of phase boundary potentials But, if the cham conducted the electric current, 
there must be m the collodion solution some electrolyte present A diffusion 
potential hence must arise between the KCl solution and this electrolyte, to w'hich 
w e may apply Henderson’s equation (8) 


TT = 0,0001983 X T X 


(Uz - F,) - (I/n - Fn ) U'x + V\ 

iU'j + F'l) - (I/'„ + F',i) U'n + V'u 


where the subscript i refers to the electrolyte m the KCl solution, the subscript 
n to the electrolyte m the alcohol-ether solution Accordmg to the low concen- 
tration of the latter the terms with tlie subscript ii become negligible as additive 
values, and the equation assumes the form 


TT = 0,0001983 X r X 


« — V 
u + <J 


log 


c 

U'u + F'„ 


where c is the concentration of the KCI solution This shows that the diffusion 
potential varies with the logarithm of the concentration of KCl, which means 
that Beutner’s experimental results do not disprove the pore mechanism 
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If -wc finally compare his interpretation of the membrane potentials 
as phase boundary potentials with the interpretation developed here, 
we shall see that the contrast disappears to a great extent The dis 
Unction between the entrance of a molecule mto the intermolccular 
space and its dissolving in the phase of the membrane is purely formal 
A difference between the pore mechanism with anion adsorpUon and 
Beutner’s mechanism had been that in the latter an excess of cations 
over anions of the electrolyte in the membrane had to be assumed, 
which was not true for the pore interpretation, where anions and 
caUons were present m equal amounts, the amons only being immo 
bilized by adsorption In the modified pore interpretation this 
difference disappears, a solely cation permeable pore according to this 
interpretation contains only cations 

Following this aspect of the modified pore theory into its conse- 
quences, we find more analogies to Beutner’s interpretation The 
question, namely, how cations can enter such a solely cation permeable 
pore without disturbmg electroneutrahty, leads to the assumption 
that they exchange against H ions, which means an aadulaUon of the 
external solution Such an acidulation is also a consequence of Beut- 
ner’s interpretation of the concentraUon effect at "oil chains ’’ 

This leads to a further pomt, which has constituted a difference 
between the two mechanisms, t c , the course of the drop of potential 
In the case of a phase boundary potential it tabes place mainly in two 
jumps at the phase boundaries, in the case of an ordmary diffusion 
potential it extends over the length of the diffusion gradient Now, 
the more a collodion membrane approaclics exclusive caUon perme- 
abihty, and the mote therefore the ion exchange just discussed takes 
place, the more the course of the potential drop must approach that of 
a phase boundary potential For this exchange does not lead to equal 
concentrations inside and outside the pore, but to an equilibrium 
with a low cation concentration inside Thus besides the diffusion 
potential throughout tlie length of the pore wc have two potentials of 
opposite sign at the ends of the pores, whose difference, together with 
the potential within the pore, makes up the total measured potential 
difference 

It can be calculated that these tuo latter potential diftcrcnccs are high as com 
pared nith the former Let a solution of a uniumvaicnt strong electrolyte KA 
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dipole moments is correct, the behavior of such membranes should 
be determined by the dipole moments of the respective groups corre- 
spondmg to the NO3 group m the collodion membrane, t e , of OH in 
the case of pure cellulose and of the substituents in the case of cellulose 
derivatives 

The dipole moments of various groups have been studied as to their magnitude 
and then direction by Wilhams (28) He detenmned the moments of disubsti- 
tuted benzene derivatives and concluded the direction of the moments of different 
groups from the moments of para-di-substitutes If this was lower than that of 
the monosubstitute with one of the two substituents, the directions of then 
moments were the same, if it was higher, they were opposite Thus he obtamed 
the foUowmg scale for dipole moments of different groups, m which the durecUon 
of the moment is mdicated by the sign 


Substituent 

1 

Substituent 

Substituent 

Cl 

-1 5 

OH 

-1 7 

OCH 3 

-1 0 

Br 

-1 5 

COOCH, 

-1 8 

COOH 

-0 9 

I 

-1 3 

NO 2 

I -3 8 

CHs 

-f 0 4 

F 

-1 4 

COH 

! -2 8 

NHs 

+1 5 


It is mterestmg to see that negative groups are apparently much more frequent 
than positive ones Possibly this is the reason why positively charged membranes 
are so rare (disregardmg those with basic groups) 

Membranes of cellophane, ethyl cellulose, and cellulose acetate were mvesti- 
gated, the supposedly actmg groups bemg OH, OC 2 H 6 , and OOCCH 3 The 
moments of OH and OCH 3 are among those determmed by Wilhams, they are 
both duected the same way as that of NO 2 (we used the ethyl group mstead of the 
methyl group, but the difference between these two groups as to the dipole moment 
is usually small and does certainly not affect the direction of the moment) Thus 
it was to be expected that the membranes of ethyl cellulose and cellophane have 
the same charge as collodion The acetyl group is not m the above hst (the group 
COOCH 3 m the hst is the end-group of methyl benzoate) , it is, however, a polar 
group as known from the dipole moment of ethyl acetate and methyl acetate The 
magmtude of its moment is about the same as that of OH, its direction, however, 
cannot be predicted and has not been determmed yet 

The cellophane used was the commeraal cellophane m sheets and cellophane 
tubing for dialysis The membranes of ethyl cellulose were prepared from a S per 
cent solution m chloroform, those of cellulose acetate from a 5 per cent solution in 
acetone* (Ethjd cellulose and cellulose acetate uere kindly given by the Du Pont 
Rayon Company, uhom we unsh to thanlv very much ) The latter were prepared 
on mercurj m the usual manner, while for the ethyl cellulose membranes this pro- 
cedure did not prove useful The eth}'! cellulose membranes made on mercury 
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had very high electric resistances mostly over 40 megohms, even when not corn 
pletely dried but immersed in water after a short tune of dr^ung Some of them 
became more conducting with time yet out of twelve only three membranes could 
he used They gave quahtatively the same effect as the ones described below 
Those are membranes m the form of a bag prepared m the known way in a small 
beaker and soaked with water before complete dr>nng 

The cellophane membranes, as expected, yielded positive concen- 
tration potentials, as the collodion membrane does Their magnitude 
was usually 10 to 20 mv between N/10 and n/ 100 KCl and 20-30 mv 
betweens/lQO andit/lOOQ KCl,with membranes made of cellophane 
sheets Some, however, had higher potentials up to 40 mv The 


TABLE n 

Concentration potentials and chemical potentials of membranes of ethyl 
cellulose (bags) The sign is that m the outer solution (m the external circuit) 


Solotiaa I 


PotcDbal 





Maabrsiie 


Inside 







1 

2 

1 ^ 

4 



1 

mo 

mt 

I m 

I mt 

N/iO KCl 

k/IOOKCI 

+3? 

+27 

+32 

+31 

K/lOO KCl 

, N/IO KQ 

-38 

-30 

1 -33 

-35 

n/10 KCl 

1 N/JO KCl 



0 

, 0 

n/10 KCl 

I n/10 NaCl 

+4 

+4 1 

+4 

+4 5 

n/10 kci 

N/10 LiCI 

+9 

+9 

+9 

+3 

N/10 KCl 

1 N/10 KNO, 


+2 

+1 

+1 


dialyzing tubes are so highly permeable that their concentration po- 
tential is only 1-2 mv , but of the same sign 
The ethyl cellulose membranes are also negatively charged, as 
expected The concentration potential is positive and chemical 
potentials are more affected by cations than by anions, as is shown in 
Table II These chemical potentials are, however, surprisingly low, 
considenng the relatively high concentration potential The chermcal 
potentials of the dried collodion membrane as well as those of the 
impregnated collodion membrane and the cellulose acetate membrane 
described below are much higher Chenucal potentials and concen- 
tration potentials do not vary in parallel fashion This is compatible 
with our xnew of the mechanism of the potential, because according to 
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'1 he results arc shown m Table IV The given concentration 
polenti.ils are the highest that were measured The basic dyestufi' 
always reverse the charge of the membrane, as also do alkaloids and 
phenylendiamine Some of the measured concentration potentiaL 

TABLE IV 


Conccnlr.ilion potentials of impregnated collodion membranes, measured 
between N/l()() and N/1000 KCl The sign is that in the dilute solution {mthe 
external eireuit) 


Imprci nnliiii subitnnee 

Concentration potertui 

Metliylciie blue 

n- 

—55 

'J'oluuliii liliie 

-28 

'J liioiiine 

-25 

.Siifriiiiine 

-40 

Neutiiil red 

-43 

Bulb vnt kiesyl liUic 

-16 

Nile blue siilf itc 

-28 

Bii lie fueliMii 

-55 

Itboduniine 11 

-44 

I’yioiime 

-23 

I'o nil 

+28 

Uiiiiiiii 

+21 

I’leiiL acid 

+45 

Slid in 

+10 

Ouininc bise 

-49 

Quinine tldonde 

-50 

Qnnndine 

-40 

Strjilnnni, 

-28 

lluiein 

1 —33 

I'lieiu leiub innnc 

-27 


!\i 0 vet V elosc to the Lhormody namic mawnnim ^^hlcl^ means that t e 
mombianos ate' noailv exclusively anion permeable. 

Aeid d\ osUifts do not reverse tbe diarge The membranes m s 
IV noie mule ot dihcrent brands of collodion vithout controls® 
bi inos ot the sime bnnd, so that tlie e^uesUon whether tliese d} estutis 
al'ioi.t the magnitude of the potential cannot be answered iro® 
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assume that the two valenacs of the O atom fonn an angle, it seems 
possible that the C==0 bond is turned around, the 0 thus faang the 
cellulose cham, the C the intermolecular space Thus the assumed 
direction of the moment would be estabhshed In favor of this 
assumption is the fact that hydroquinone-di acetate, though seem- 
ingly a symmetnc molecule, has a high moment, which Williams 
accounts for by the valency angle at the 0 atom 

Summary — 1 In agreement with our interpretation of the po 
tentials and the known direction of the dipole moments of OH and 
OCHj, cellophane and ethyl cellulose membranes are negatively 
charged 

2 The cellulose acetate membrane is positively charged, being 
the first case of a non basic positively charged membrane The 
direction of the moment of the acetyl group is not known, but con 
cludmg from other expenmental data it seems hkely that it agrees 
with our interpretation 

The Reversal of the Charge of the Collodion Membrane 

To get further experimental evidence for the mechanism discussed, 
w e investigated the conditions under which the charge of the collodion 
membrane can be reversed Mond (21) has described an anion per- 
meable membrane, which he obtained by adding to the alcohol ether 
solution of collodion the basic dyestuff rhodamine B, and then forming 
a membrane on mercury in the usual manner The amon permeabil 
ity was checked by the sign of the concentration potential, by the 
electromotive effectiveness of amons and ineffectiveness of cations, 
and by the analytical proof of an anion exchange Rhodamine has 
two ethylated NHi groups We therefore at first determined whether 
other orgamc bases had the same effect A senes of basic dyestuffs 
and alkaloids were investigated as to their reversing effect on the 
charge of the membrane in the following manner 

The dyestuff itself nas dissolved m one of the conunercial collodion solutions, 
in as high a concentraUon as could be reached by repeated stirring The colored 
solution uas poured on mercury m the usual maimer to form a membrane by 
evaporation of the soli ent The charge of the membranes obtamed was checked 
by the sign of the concentration potential betucen n/100 and N/1000 KCl 
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The results are shown in Table IV The given concentration 
potentials are the highest that were measured The basic dyestuffs 
always reverse the charge of the membrane, as also do alkaloids and 
phenylendiamine Some of the measured concentration potentials 

TABLE rv 


Concentration potentials of impregnated collodion membranes, measured 
between n/100 and n/1000 KCl The sign is that m the dilute solution (m the 
external circuit) 


Impregnating substance 

Concentration potential 


mv 

Methylene blue 

-55 

Tolmdin blue 

-28 

Thiomne 

-25 

Safranine 

-40 

Neutral red 

-43 

Bnlhant kresyl blue 

-16 

Nile blue sulfate 

-28 

Basic fuchsin 

-55 

Rhodamine B 

-44 

Pyronine 

-23 

Eosin 

+28 

Uratun 

+24 

Picnc acid 

+45 

Sudan 

+10 

Quinine base 

-49 

Quinine chlonde 

-50 

Quinidine 

-40 

Strychnine 

-28 

Brucin 

-33 

Phenylendiamine 

-27 


are very close to the thermodynamic maximum, which means that the 
membranes are nearly exclusively anion permeable 

Acid dyestuffs do not reverse the charge The membranes in Table 
TV were made of different brands of collodion, without control mem- 
branes of the same brand, so that the question whether these dyestuffs 
affect the magnitude of the potential cannot be answered from the 
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expenments sHown in that table Experiments, however, with Echt- 
rot, an aad dyestuff of high hpoid and low water solubility, have 
shown that the concentration potential of an impregnated membrane 
IS increased as compared with control membranes of the same brand 
The control membranes j lelded concentration potentials of +48 S mv , 
+48 5 mv , 49 5 ra\ , whereas the concentration potentials of the 
unpregnated membranes were very close to the thermodynamic 
maximum 54 mv , 56 mv , 56 mv 

All the reversing substances have m common a basic group, which 
means a group carrying a free positive charge Now the effect of a 
free charge is considerably stronger than that of a dipole If therefore 
the reversing effect consists m a counteracting of a free charge against 
a dipole, one would expect that to overbalance the effect of a certam 
number of NOj groups only a smaller number of basic groups would be 
necessary We deterrmned the hmitmg concentration of qumine that 
must be introduced into a membrane just to reverse its charge and 
found, mdeed, that at this concentration the number of NOj groups 
present is 1-2 orders of magnitude higher than that of basic groups 
This IS shown m Table V The concentration potential changes its 
sign between the concentrations 1/30 and 1/90, that means one basic 
group compensates about 30-90 NOj groups 

In membranes with qumine at concentrations near the hmiting 
reversmg concentration, the potentials often are inconsistent The 
reason apparently is that the degree of dissociation of quinine is not 
defined m the unbuffered solutions of K.C1 The charge of these 
membranes depends on the pH At low pH, when the H assoaation 
IS favored it is positively charged, at high pH negatively as the ordi- 
nary collodion membrane This is shown m Table VI The mem 
branes act lihc amphoteric membranes The amphoteric nature, 
however, is due to the counteracting of free charges and dipole mo 
ments and not, as with protem membranes, to the counteracting of free 
charges of opposite sign 

The experiments desenbed so far have been performed w ith "Kol- 
lodium Schenng Kahlbaum DAB6 ” This brand of collodion yielded 
the membranes with the highest and the most consistent concentration 
potentials, w hile w ith other types of collodion low cr and less consistent 
potentials w ere obtained Table \ II shows the potentials of vane 
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t3rpes of membranes This difference is certainly not due to different 
sizes of pores, for the membranes with low potentials often had a high 
electric resistance and mce versa Different degree of nitration does 

TABLE V 

Concentration potentials of collodion membranes impregnated with quinine, 
measured between n/10 and n/100 KCl The sign is that of the dilute solution 
(m the external circuit) The concentration of qumine is mdicated by the ratio 
basic groups NO 3 groups 


Ratio basic groups NO 3 groups 

1/10 

1/100 

1/1000 

1 / 10,000 

Concentration potential, viv 

-25 

+21 

+23 

+37 

Ratio basic groups NO 3 groups 

1 

1/100 

1/1000 


Concentration potential, mv 

-27 

+8 

+43 


Ratio basic groups NOj groups 

1/10 

1/100 

1/1000 

1 / 10,000 

Concentration potential, im 

-27 

Inconsistent 

+20 

-j“35 

Ratio basic groups NOj groups 

1/10 

1/100 

1/1000 

1 / 10,000 

Concentration potential, mv 

-30 

+27 

+44 

+44 

Ratio basic groups NOj groups 

1/30 

1/90 

1/270 

1/810 

Concentration potential, mv 

-20 

+26 

+39 

+54 

Ratio basic groups NO 3 groups 

1/10 

1/30 

1/90 

1/270 

Concentration potential, mv 

-17 

-8 5 

+ 1 5 

“f-S 5 


TABLE VI 

Concentration potentials of collodion membranes impregnated with qumine, 
measured between n/100 and n/1000 HCI or NaOH The concentration of 
quinme is given as fraction of weight of the dry membrane The sign is that 
of the dilute solution (m the external circuit) 


Concentration of quinine 

1/10 

1/30 

1/90 

1/270 

Potential m HCI, mv 

-56 

-55 

+26 

+34 

Potential in NaOH, mv 

+45 

+49 

+48 

+50 

Concentration of quinine 

1/10 

1 

1/30 

1/90 

1/270 

Potential in HCI, mv , 

-35 

-39 

+16 

+24 

Potential in NaOH, mv 

+30 

+37 

+38 

+39 


not seem, either, to be the cause Now Mathieu has found that the 
rearrangement of the molecules m the films, especially in the highly 
nitrated ones, was very variable Sometimes he obtained very sharp 
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interferences, sometimes very indistinct patterns It is highly prob- 
able that the variability of concentration potentials is due to this 
variability of the arrangement of the molecules It would be very 
interesting to mvestigatc the x tay patterns of membranes with differ- 
ent concentration potentials In favor of this assumption is the fact 


TABLE Vn 

Concentration potentials ot collodion membranes of various brands of collodion, 
measured between n/100 and n/1000 KCI 


1 

Btutdof CQllod!o& j 

1 ConceuuiUon notenlUl 

nigbMt Vklue 

Loweit N’klne 

KoUodvum Schenng Kahlbaum IDAB 6 

56 1 

SO 

Kollodium Schenng Kahlbaum rur Analyse* I 

Kollodium Schenng Kahlbaum ' lur Herstellung von Mem 

46 1 

35 

bronen 

SO 

38 

Collodion Merck USP \ 

48 1 

10 

Collodion Mathnckrodt 

25 j 

16 


TABLE Via 

Concentration potentials of membranes of 'Collodion Merck (which gives 
low posiUve concentration potentials, when not impregnated), impregnated with 
methylene blue or quuune The potentials are measured between n/IO and 
M/100 KCI The sign is that m the dilute solution (m the external arcuit) The 
concentration of the impregnating substance is given as fraction of weight of 
cellulose mtrate 


I Methylene blue 

1/100 1 

1/500 i 

1/2SOO 1 


Concentrauon of methylene blue j 




1/12 SOO 

Concentration potential mv ' 

-42 ' 

-12 ! 

+25 

+32 

11 Qmnme* 





Concentration ot qumine ^ 

1/10 i 

1/100 ! 

1/1000 ' 

1/10 000 

Concentration potential tnv j 

-14 

-2 1 

+3 5 j 

+5 


• These membranes have not been completely dned 


that the limiting reversing concentration of qumine and methylene 
blue for membranes with low concentration effects was found to be 
decidedly, sometimes se\eral orders of magnitude, lower than that for 
Kollodium Schenng Kahlbaum DAB6 Table VIII gives two exam 
pies, though the results with this brand of collodion arc not reproduc 
ibic in a stnctl) quantitative way 
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Asymvielnc Memhanes 

Apart from the well known concentration potentials and chemical 
potentials due to a different behavior of a surface towards different 
ions, hving cells and tissues sometimes show a potential difference 
even when they are in contact with two identical solutions Oster- 
hout and coworkers for mstance have shown (c/ 24) that across the 
protoplasm of Valoma or Nttella a potential difference exists, when 
both the outer and the inner surface are m contact with cell sap In 
this case, since the leads are symmetrical, the asymmetr}’- must he in 
the mvestigated object itself and must be due to a different behavior 
of the two surfaces towards the same ions We may call this kmd of 
potential, asymmetry potential 

The models, by which chemical and concentration potentials could 
be mutated, were mainly porous membranes and water immiscible 
“oil phases ” The underlying difference in behavior of the membrane 
towards different ions was interpreted as different relative ion mobihty 
m the former and as different solubihty in the latter case, havmg as a 
consequence m common a higher permeabihty for either cations or 
amons In that respect the greatest differences existed between the 
dried collodion membrane and the base impregnated collodion mem- 
brane among the first group and between basic oils and acid oils 
among the second group 

Asymmetric systems have been less investigated Cremer’s chain 
of nitrobenzene {cf 2) vinth and without picric acid has been such an 
asymmetric system Later Beutner (2, 3) has budt up asymmetric 
chams usmg different oil phases The potential differences obtamed 
m these chams are about 100 to 150 mv Mond (22) obtained poten- 
tials of about 20 mv combining two phases of a protein, one on the 
acid, the other on the basic side of its isoelectric pomt Membranes 
have not yet been used for this purpose The possibihty of obtammg 
membranes of nearly maximal concentration effect of both signs, t e 
nearly exclusively cation or amon permeable membranes, enabled us 
to build up asjmunetric membrane systems of high efficiency 

If an ordmary dry coUodion membrane of Kollodium Schering- 
Kahlbaum DAB6 is combined Yuth an impregnated collodion mem- 
brane, to form a double membrane, thus one side being predominantly 
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cation permeable, the other predominantly amon permeable, a mem 
brane is obtained "which is indeed highly asymmetric and yields an 
asymmetry potential of sc\eral hundred millivolts, as is shown in 
Table IX 

To obtain such a membrane certain precautions must be taVen Both mem 
branes must be entirely dry before bemg combmed They are stuck together by 
means of a collodion solution, which previously had been allowed to dry to such an 
extent that on the surface a thm skin was formed To render this combinmg 
la>er as thm as possible the membranes arc tigbtlv pressed agamst each other 
and then allowed to dry If these precautions are not taken, a diffusion of the 
dyestuff or alkaloid into the cation permeable membrane takes place which 
reverses the charge of this membrane, so tbat a more or less symmetric anion 
permeable membrane is obtained 


TABLE DC 


Asymmtlry Polenttals of Double Membranes tn ff/IOOO KCl 


&{cmbrao« eompm^l of { 

Aiyromttry poUnUtl 

laud 

Outttde 

Qumiae-collodion 

Collodion 

m 

240 

Quinine collodion 

Collodion 

258 

Qumme collodion 

Collodion 

252 

Qumine-coUodioa 

Collodion 

214 

Methylene blue-collodion 

Collodion 

330 

Saframne-coUodion 

Collodion 

320 


That such a membrane is asymmetric in the assumed way, one side 
bemg cation permeable, the other amon permeable, can be shown by 
determination of the concentration potentials and the chemical 
potentials on both sides 

For that purpose at first the potential difference of the membrane between two 
identical electrolyte solutions is measured Then Solution I is kept constant and 
the concentration of Solution II is changed The potential difference is measured 
again the difference between the two measurements being the concentraUon 
potential of Side II Correspondingly the concentration potential of the other 
side IS obtained The concentration potcnUals thus measured arc not cntlrelj 
independent of the concentration of the constant soluUon, the variations however 
are small as compared to the values of the concentration potentials Table X 
show s such an experiment The concentration potentials have the signs expected, 
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that of the collodion side being positive, that of the quinine side negative Table 
XI contains the asymmetry potentials and both concentration potentials of several 

TABLE X 

Measurement of the concentration potentials of the two sides of a double 
membrane of collodion outside and quinme-coUodion mside The sign is that 
of the outside solution, the sign of the concentration potential is that of the dilute 
solution (both signs refer to the external circuit) 


Solution 

Measured potential 

Inside 

Outside 



wr 

(a) KCIn/1000 

KCl n/1000 

+251 

(6) KCIn/100 

KCl n/1000 

+193 

(c) KCIn/100 

KCl N/lOO 

+163 

(d) KCl n/lOOO 

KCl N/lOO 

+215 


Calculated therefrom 

Concentration potential outside b ~ c = +30 

a — d — +36 
Average +33 
Inside c ~ d = —52 
b — a = —58 
Average —55 


TABLE XI 

Coiicenlralton Potentials and Asymmetry Potentials of Double Membranes 

{Signs As in Table X) 


Membrane composed of 

Concentration potential 

Asymmetry 
potential 
in KCl 
N/IOOO 

1 

Inside 

Outside 

Inside 

Outside 

Difference 

Methylene blue-coUodion 

Collodion 

mv 

-51 5 

mv 

+54 5 

mv 

106 

mV 

285 

Safranine-coUodion 

Collodion 

-56 

+49 

105 

281 

Qumme-collodion 

Collodion 

i -48 

i +52 

100 

252 

Qmiune-coUodion 

Collodion 

-55 

+33 

88 

251 

Quinine-coUodion 

Collodion 

1 -46 

i +30 

76 

217 

Quinine-coUodion 

Collodion 

-36 

+40 

76 

214 


membranes It shows that the asymmetry potential increases as the difference 
of the concentration potentials mcreases, m other words the greater the differ- 
ence of ion permeabihty on both sides, the higher is the asymmetry potential 
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To show the same by means of the chemical potentials the same procedure is 
followed, changing instead of the concentration of one solution, its anions or 
cations Table XII shows that on the quinine side only the changing of anions 
affects the potential difference considerably, on the pure collodion side only the 
changing of cations 

One might therefore suppose the mechanism of the asymmetry 
potentials to be as follows on the amon permeable side anions tend to 
enter the membrane, which renders the solution there positive m the 
external arcuit, on the other side cations, rendenng the solution 
negative Both effects add up, and lead to a high asymmetry poten 

TABLE XII 


Chemical potentials of the two sides of a double membrane, consistmg of a 
collodion membrane outside and a qumme collodion membrane inside (The 
sign is that of the outer solution m the external circuit ) 


Soktloa j 

Measured potenUsl 

iQside k/IO 

OuUideK/IO j 



1 

KO 



NaCl 



NaCl 



KCl 

NaCl 


KCl 

K.SOi 


KtSO* 

KCl 




Inside 

Outside 

Anion effect 

29 

1 

Cation effect 

4 

25 

(Concentration potential) 

-46 

+30) 


tial, positive on the anion permeable side That this cannot be true 
follows from two facts (1) The observed asymmetry potentials are 
always positive on the cation permeable side, and (2) they increase 
as the concentration of the solution decreases, while the opposite 
should be the case according to the assumed mechanism The highest 
potential differences were measured m distilled water, they amounted 
to 450 mv 

Fig 3 shows the asymmetry potentials of several mcmbranesinKCl 
solution of different concentrations (The lower three arc asymmetric 
single membranes ) 
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Apparently the asymmetry potential is not determined by the 
tendency of the outside ions to enter the membrane, but by the tend- 
ency of the inside ions to leave it The membranes always contain 
ions of the substance used for the impregnation This mechanism 



Fig 3 Asymmetrv’ potentials in various concentrations of KCl 

must render the solution on the cation permeable side positive, as 
observed 

The effect of the outside ions then must be a lowering of the asym- 
metry potential, due to their tendency to enter the membrane Thus 
the decrease of the asjmmetry potential with increasing concentration 
of the solution can be understood 
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Cations as t\eU as anions must mfiuence this lowering effect, the 
cations on the cation permeable side, the amons on the amon perme 
able side The lowenng of the asymmetry potential by a given elec- 
trolyte solution must therefore depend on the electromotive effective 
ness of both its cations and its amons This is the case, as is shown in 
Table XIII, which contains asymmetry potentials in different electro 
lyte solutions and for comparison the electromotive effect of their 
cations at the dried collodion membrane and of their anions at the 
rhodamme collodion membrane (taken from the paper of Mond) 

TABIE MU 


Influence of cations and anions on the asymmetry potential of a double mem 
brane of collodion outside and quimne-coUodion inside The signs refer to the 
outside solution m the external circuit 


Poteotlil* ot th« ordinary 
collodion memb anelnv/lO 
SOluUOO) of 

Asyranvetry potentials 
of tee double ntembtane 
In M/10 solutions 

Potentials of the rbodsmlae-oollodion 
membrane in H/10 soJutioos of 

Inside 1 

Outside 

mv 

of 

tnv 

Inside 

Outside 

mv 

■1 



H,0 

+125 





KCl 

0 

M 

+22 





Nad 

+48 1 

NaCl 1 

+44 




m 

LiCl 

+74 1 

LiCI 1 

+65 


j 





; K,so« 

+67 

1 NaCI 

Na,SO* 

-38 




1 Kd 

+22 

1 NaCl 

Nad 

l 0 




KNO, 

+7 

Nad 

: NaNOi 

+51 

■i 



1 KCNS 

+8 

, Nad 

i NaCNS 

, +60 


It may be noted that it is also possible to obtain an asymmetnc 
double membrane bv combming a cellulose acetate membrane and a 
collodion membrane These membranes, which yielded comparatively 
low asymmetry potentials, have not been closely investigated 

Asymmetry Potentials tn Simple Dyed Collodion Membranes 
Durmg the mvestigation of the reversing effect of basic dyestuffs 
and alkaloids on the charge of the collodion membrane the observation 
was made that the impregnated membranes somebmes showed an 
asymmetry potential of considerable amount, up to 180 mv in n/1000 
K.C1 and 270 mv in distilled water The mechanism of these poten 
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tials IS the same as that of the potentials of the double membranes just 
descnbed Table XIV for instance shows that at all asymmetric 
membranes the concentration effect of the two sides is different and 
that the magmtude of the asymmetry potential depends roughly on 

TABLE XIV 


Concentration potentials of both sides and asymmetry potentials of simple 
dyed membranes (signs as m Table X) 


Membrane 

No 

Dyestuff 

Concentration potential 

Asymmetry 
potential in 
KCIn/1000 

Outside 

Inside 

Difference 



tnv 

me 

mv ! 

wr 

33 

Thionme 

-47 5 

+36 5 

-84 

-185 

40 

Thiomne 1 

-33 5 

+56 5 

-90 

-156 

30 

Thiomne 

-f39 

-14 

+53 

+110 

43 

Thionme 

-10 5 

-41 5 

+31 

+101 

47 

Brilliant kresyl blue 

-1-14 5 

-20 5 

+35 

+75 

29 

Methylene blue 


-8 

+24 

+57 

26 

Basic fuchsm 

-|-41 

1 +29 

1 +12 

1 +48 

34 

Methylene blue 

+2 5 

-22 5 

+25 

+37 

27 

Qumidme chlonde 

' -6 5 

-23 5 

+17 

+30 


TABLE XV 


Concentration potentials and effects of amons and cations on the two sides of 
an asymmetric simple dyed membrane (Signs as m Table X, amon effect and 
cation effect obtamed as m Table XII ) 


1 

Membrane, 

No 

1 

Dyestuff 

Outside 

Inside 

Con 

centr 

potential 

Cation 
effect 1 

AnioD 

effect 

Con 

centr 

potential 

Cation 

effect 

Anion 

effect 

46 

Toluidm blue 

+49 

28 5 

1 

8 

+14 

13 5 

14 

25 

Thiomne 

+8 5 

5 

11 

+45 5 

30 

3 

55 

Nile blue-sulfate 

+20 

12 

! 23 5 

-17 

3 

i 88 5 

54 

! Safranine 

' -0 5 

! 4 

; 66 

-23 5 

3 

100 

66 

1 Quinine 

-44 

1 0 

75 

-43 

1 

70 5 


the algebraic difference of the concentration potentials Table XV 
shows that on a side of the membrane which has a negative concen- 
tration potential, amons affect the potential difference more than 
cations, and on a side with high positive concentration effect the oppo- 
site is the case (That the reversing point is not the concentration 



















■W ■WH.BRANDT 


961 


potential 0, but about +20, is due to the fact that the SOi Cl effect 
as such IS higher than the K-Na effect ) 

Thus these membranes behave as though they were composed of two 
parts which differ m their ion permeabilities The following reasons 
are in favor of the assumption that it is only the two surfaces or very 
thin surface layers whose difference m ion permeabihty is measured 
here A cross section of an asymmetric membrane, impregnated with 
thiomne, was exammed under the microscope No difference m the 
concentration of dyestuff on the two sides of the membrane could be 
seen The thickness of the cation permeable layer on one side, which 
must be supposed to contain less dyestuff, must therefore be below the 
limit of microscopic visibihty Furthermore, if the cation permeable 
side of an asymmetric membrane is scraped with sand paper, a very 
thin layer thus being removed, the concentration potential of this 
side becomes negative At the same tune the asymmetry potential 
changes m the direction expected, sometunes by 100-150 mv , and 
even changing in sign Apparently the behavior of the membrane is 
determined by thm layers at the surfaces This is no contradiction 
to the assumption that electrically charged pores determme the poten 
tials A very thin layer contaimng pores can determme the transfer 
number in a transfer experiment, and hence can determme the magm 
tude of a diffusion potential in a diffusion experiment 
To account for the formation of a superficial layer contaimng less 
dyestuff than the rest of the membrane, the most probable assumption 
seems to be the following The membrane is a solid solution of the 
dyestuff in collodion, in which, if the membrane is kept in water, a 
steep diffusion gradient of dyestuff is established at both surfaces, due 
to the water solubihty of the dyestuff This steep gradient, as the 
membrane loses dyestuff into the solution, slowly recedes into the 
intenor of the membrane rendermg its surface more and more free 
from dyestuff and therefore cation permeable In favor of this 
assumption is the fact that the asymmetry potential of a dy cd mem- 
brane, kept in water, mostly changed with time, while in air it kept 
constant Furthermore, in water both concentration potentials of 
such a membrane grow more positive with time, as w ould follow from 
the assumed mechanism Fig 4 shows the change of concentration 
potentials and asymmetry potentials with time of a membrane Both 
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concentration potentials grow steadily more positive^ but smce the 
cbanges are not parallel, the as3'mmetr3’' potential vanes with then- 
difference 

Hoty the as3nnmetr3- anses, which sometimes is observed on the very 
first da3', is not quite dear, espeaally smce it does not occur regularty 



Fig 4 Change of the two concentration potentials and of the as 3 TniQetry 
potential of a simple membrane mth time 

Sometimes the membranes are highl3- as3’mmetnc on the first d^y, 
sometimes the}* are s3Tnmetnc The diymg process of the membrane 
on mercuiy is certainl3- an as3'mmetric process, one side of the mem- 
brane being in touch with air the other with mercui^*, so that a differ- 
ence of the two sides is comprehensible The mercuiy side behai es 
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indeed regularly as if it contained more dyestufi, it loses more dyestuff 
mto the water m the first days and it is the more amon permeable side 
On the other hand membranes which were poured symmetncally on 
gauze and dried hangmg m the air were highly asymmetnc too Appar- 
ently differences m the drymg conditions play a rdle here which cannot 
be controlled without speaal precautions 
The reason for discussmg the asymmetry potentials of simple 
membranes m detail, though they are not different in pnnaple from 
those of double membranes, is that they can be very disturbmg when 
workmg with such membranes and a knowledge of these asymmetry 
potentials seems valuable, therefore Measurements on dyed collodion 
membranes should be earned out m dupheate with solutions exchanged 
and the ion permeabihty of the membranes should be tested from time 
to time 


DISCOSSIOH 

The pomts of view to be gamed from the results obtamed for an 
analysis of biological asymmetry potentials seem to be the followmg 

The asymmetry potentials here desenbed are due to differences of 
two surfaces m the behavior towards ions, which may be regarded 
under the headmg of predominant anion or cation permeabihty A 
quantitative measure of this property is the concentration effect, the 
value of which can vary between the thermodynamic limits of — 56 mv 
(exclusive amon permeabihty) and -1-56 mv (exclusive cation perme 
abihty) Now the analysis of an asymmetry potential as to the under 
lying differences in ion permeabihty of the two surfaces gives a means 
to get closer mformation on the micro structure of cells and tissues 
Let us consider for mstance the following three asymmetnc structures 
of a system with two surfaces («) One side is more anion permeable, 
the other more cation permeable, » c one concentration effect is nega 
tive, the other positive, (J) Both are more anion permeable, but to a 
different extent, (c) Both are more cation permeable, but to a different 
extent All three systems may yield the same asymmetry potential, 
provided the algebraic differences of the two concentration potentials 
are the same Thus a closer investigation of an asymmetnc system 
as to the properties of the two surfaces may lead to information about 
the underl} ing micro structure 

The unusual magnitude of the observed asymmetry potentials as 
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compared to the potentials otherwise observed with collodion mem- 
branes raises the further question whether similar asymmetnes play a 
role for the transport functions of epithehum cells, especially in cases 
where a transport takes place against a high thermodynamic potential 
The formation of HCl in the stomach epithehum for mstance has to 
overcome a concentration potential of 250-300 mv 

SUMMARY 

The attempt is made to reconcile the two existing theories on the 
mechanism of selective ion permeability of the cell membrane by 
taking into account the molecular arrangement in the substance of the 
membrane It is shown that the pore theory and the solubility theory 
are not contradictory, but two aspects of the same problem, one from 
the thermodynamic point of view, the other from the point of view of 
molecular theory 

The dried coUodion membrane is used as a model m these studies 
Its different behavior towards anions and cations is explained on the 
ground of a quasi-crystalline structure of collodion, the NOs-groups 
acting as dipoles with the negative charge directed towards the mter- 
molecular spaces, no matter whether these pores are of molecular 
dimensions or larger In this way a continuity in the behavior of the 
ordmary large pored collodion membrane and the dried membrane is 
established, both theoretically and experimentally Experiments, 
with membranes of other cellulose derivatives agree with the mecha- 
nism suggested Membranes of cellophane and ethyl cellulose are 
negatively charged, membranes of cellulose acetate positively 

From solutions of collodion mixed with basic dyestuffs or alkaloids 
membranes can be obtained more permeable to anions than to cations 
in contrast to the ordmary collodion membrane Membranes can be 
built which give high potential differences even between two identical 
electrolyte solutions The asymmetry lies here withm the membrane 
and is artificially produced by gluing together an ordmary collodion 
membrane with one previously impregnated with a basic dyestuff or an 
alkaloid 

Finally I wish to thank very cordially Dr L Michaelis, in whose 
laboratory and under whose direction this investigation was carried 
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out, for his ever ready stimulation and help Also I received much 
help from discussions with Dr J F Danielli 
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THE KINETICS OF PENETRATION 
XI Entrance op PoTASsroii into Nitella 

Bv A G JACQUES and W J V OSTERHOUT 
{From Iht Lahoralortes of The RochfeUer Imttlule for Medical Research) 

(Accepted for publication, January 14, 1935) 

INTRODUCTION 

In a previous paper' the accumulation of potassium by NitcUa 
Jlextlis Ag was considered bnefly In the present paper the results are 
presented in detail 

Technique 

The cells immediately after collection were washed free of mud and pond water 
in tap water and were transferred to Solution A* m the cold room for a day or so, 
after which they were separated into strings of from 3 to 10 cells from wluch the 
leaflets and nodes were removed The stimgs were then left in Solution A in the 
cold for a few days to 2 weeks, the dead cells ^mg remo\ ed at intervals in order to 
reduce contammation 

In most experiments the cells were transferred to distilled v.ater 1 week to 24 
hours before the start of the experiment. They were then placed in the expen 
mental solutions after a rapid nnse m distilled water In most cases the solutions 
were contamed in 10 gallon oval shaped white enamelled baths,* which, except 
m the cases where the cells were to be kept m the dark, were arranged symmetric 
ally under a bank of six 150 watt lights B> means of a ‘ Weston photromc ’ 
light meter the lamps and pans were arranged so that all solutions were dluminatcd 
equaU> at equal depths * Although it was subsequentl> found that the illumina 
tion was not critical, we continued the above arrangement smee it served to keep 
the temperature of the solutions rather umfonnly at about 20 C , a few degrees 
above the temperature of the cold room in which the experiments were carried ouL 

'Jacques, A G , and Osterhout, W J V Proc Soc Exp Biol end i/rd , 1934, 
31,1121 

* For composition of Solution A cf Osterhout, W J , and Hill, S E , / Gen 
Physiol 1933-34,17, 87 

* In early expenments a larger number of shallow enamelled pans were used 

* At the le\el of the rmddle of the pans the lUummation was about 165 foot 

candles ,■« 
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To cut down evaporation the pans were covered with glass sheets About 
2000 cells of a total volume of 25 cc were placed in each pan in 16 hters of solu- 
tion ® At mtervals groups of cells were removed and the sap was extracted and 
analyzed for potassium, and m a few cases the pH was deterimned 

In her studies of the penetration of dyes mto Ntlella Irwm successfully used the 
method of extracting the sap from mdividual cells by hand But owmg to the 
comparatively large amount of sap required, the method was mapphcable here ® 
Hoagland and his coworkers ^ also used the method of mdividual extraction in 
some of their experiments on the penetration of broimde mto Ntlella clavala 
These cells, however, are brittle, and as the authors describe it break on bend- 
mg and expel a drop of sap In the case of Ntlella flextlts, it is necessary to cut 
each mdividual cell and if the full amount of sap is to be obtamed to squeeze 
Conductmg this operation m an atmosphere saturated with water vapor, to avoid 
evaporation, is tedious, uncomfortable, and costly m time, and it was therefore 
considered impractical Instead the sap was obtamed m the followmg way The 
strmgs of cells were removed smgly from the experimental solution to distilled 
water, the dead ones bemg discarded in the process After a second rmsuig m 
more distilled water, 20 to 30 strmgs were quickly laid out on a dry piece of gauze, 
and were blotted with a second piece of gauze ® The strings were then gathered 
up quickly, rolled mto a loose coil and mserted m a dry, 15 ml centrifuge tube by 
the aid of a glass rod This was repeated until a sufSaent number of cells to yield 
about 2 ml of sap had been collected 

In the early stages of the work, the cells were killed by addmg a drop or two of 
ether and the sap was then expressed by centrifugahzmg for a long time at high 
speed In this way a sample comparatively free of organic matter was obtained 

® Assummg that the sap is 0 1 M with respect to potassium, it follows that if 
every cell should die and its contents pass mto the external solution, the maximum 
effect would be to mcrease its concentration by 0 0001 M But the mortality did 
not exceed 10 per cent so that the contammation must have been correspondmgly 
less, t e , about 2 per cent at the most where the outside concentration wrns 0 001 M 
Actually m one experiment, where the external solutions were analyzed at the end 
of the experiment, it was found that the concentration, nominally 0 00100 ar at the 
start, had risen to 0 00103 ji 

® In the course of the measurements of volume several hundred mdividual cells 
were measured It was found that the average diameter of the cells used by us was 
0 05 cm and the average length 6 cm Considermg them as cyhnders, this means 
that the average volume was 0 012 cc so that if this were all sap and it could be 
extracted quantitatively by band, it would still require about 200 cells to yield 
2 cc of sap Actually it was found necessary to use about twice this number of 
cells for each sample, m our method, which did not utilize all the sap m each cell 

7 Hoagland, D R , Hibbard, P L , and Davis, A R , / Ge/t Physiol , 1926-27, 
10, 121 

®Both gauzes had, of course, previously been rinsed in distilled water until 
they w'ere electrolyte-free 
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But the yield v?as rather poor, and later it found that time and cells could 
be saved by cutting the cells by means of a sharp edged glass rod, and pressing 
them dovm m the centrifuge tube The sap whidi at this point has a great deal 
of organic matter including chloroplasts, and a gummy substance in suspension 
can then be centrifuged reasonably free of organic matter in a short tune 

This method of procedure is obviously subject to errors due, (a) to the con 
lamination of the sap by the hquid in the cellulose wall but not actually in the 
vacuole or m the protoplasm and b> hqiud adhering to the ceUs», (6) errors due 
to the evaporation from the vacuole Smee the cell wall is thin and extensive, 
these errors rmght become serious unless they were guarded against 

In order to deal with (a) the cells were rinsed in distilled water twice as described 
abo\ e so as to ensure that the contamination should be dilution only, and m order 
to reduce this the cells were blotted 


TABLE I 


Lot 

1 

K cobcenttatlon 

a (tom averast 

1 1 

u 

0 04550 

-0 00035 

2 1 

i 0 04534 

-0 00071 

3 1 

0 04656 

+0 OOOSl 

4 ' 

0 01496 

-0 00109 

5 ! 

0 04491 

-0 00114 

6 ' 

0 04900 

+0 00295 


Av 0 04603 

Av 0 00116 


In order to guard against (6) the cells were handled as quickly as possible, only 
a small number bemg handled at one time and the centrifuge tube was kept 
tightly capped except when it was necessary to insert cells or to break up and press 
dowm those already mserted 

In spite of these precautions undoubtedly the sap analyzed had not exactly 
the composition of the cell sap However by proceedmg as far as possible alv. a> s 
m the same w ay it was hoped that the deviation of the extracted sap from the true 
cell sap would be sufficiently constant to allow definite conclusions 

In order to assure ourselv es of the validity of the method, 6 lots of cells from the 
same collection were extracted as described above and the samples were then 
anaU zed for potas lum The results are given in Table I 

The probable error of the mean is ±0 00044 or ±0 95 per cent of the mean 
These results mdicate that the method of handlmg the cells is capable of yielding 
results sufficiently accurate for biological experiments ® 

An estimate of the relationship of the obser\ed concentration (which is admit 
ledly low due to dilution) to the true concentration has been made m a separate 

• If the last obser\ auon m this series is rejected the agreement is much belter, 
the probable error of the mean bemg then :fc0 00034 or ±0 75 percent of the mean 
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experiment in which the cells were divided into two groups From one group the sap 
was extracted by crushing as explained above, while m the other it was extracted 
by cuttmg and squeezing the sap out of each individual cell This was done in a 
water-vapor saturated atmosphere mamtamed m a glass-covered box, of about 
3 cubic feet capaaty The atmosphere was kept saturated bj' passing m steam 
at atmospheric pressure, and was checked by means of a hair hygrometer Rubber 
sleeves were permanently attached to the box through which the hands were 
thrust into the mterior of the box 

The followmg results were obtamed Concentration of sap extracted by crush- 
mg, 0 04916 M, by hand squeezmg, 0 05800 m Smce the maintenance of the 
saturated atmosphere is not easy this dilution of 15 3 per cent is to be regarded 
as a maximum figure If this dilution is not subject to much vanation it will 
have only a neghgible influence on the results which are always comparative 
That this is the case is shown by the fact that the results are reproducible to 
a satisfactory degree 

After centrifugahzation, 0 5 cc samples of sap were measured out by means of 
washout pipettes^® mto micro platmum crucibles of 2 ml capacity These were 
taken to dr 5 mess on the water bath, dried in the oven, and igmted just below red 
heat, to white ash 

For potassium we have worked out a microgravimetric method, based on the 
Lmdo-Gladding modification of the chloroplatmate method,” usmg the filter 
stick and xmcro beaker technique of Emich ” 

The potassium method was tested out on a synthetic sap havmg about the 
same composition as the sap of Ntlella clavala accordmg to the analyses of Hoag- 
land ^ The found amounts compared with the actual amounts present are as 
follows 


Actual concentration 

Found concentration 

K molar 

K molar 

A 

Per cent A 

0 04956 

0 04946* 

-0 0010 

-0 23 


0 04980 

-fO 0024 

+0 49 

Average deviation 

±0 36 


* In general the average w'eight of the chloroplatmate salt was between 5 and 
10 mg And masmuch as with the micro balance it is possible to weigh to 5 7 
with ordmary precautions, the method is clearly capable of yielding results more 
prease than the micro methods based on cobalti-nitrite preapitation which are 
so w idel 3 ' used 

Accordmg to Pregl, F, Quantitative organic microanalysis, Philadelphia, 
Blakiston, 2nd Enghsh edition, 1930, 118 

We are mdebted to Prof Benedetti-Pichler for advice and help m connec- 
tion with the microanalyses 

” Emicb, F , Lehrbuch der Mikrochemie, Munich, Bergmann, 2nd edition, 
1926, 84-88 
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Volume ifeasuremettt 

In the case of Vahnta which is nearly in osmotic equihbrium with the sea ^ater, 
the entrance of electrolytes already present is made clear only when the increase 
m volume is determined as well as the electrolyte concentration, since the cell 
takes in water and expands at such a rate as to keep the electrolyse concentration 
nearly constant It was therefore necessary to discover whether in these expen 
ments with Nttella an increase in volume would occur A separate investigation 
of this pomt was therefore undertaken 

In these experiments a number of groups of cells were treated m vanous ways 
approxunating the experimental conditions later applied, and the volume change 
was measured Smee each cell is approximately a cylmder, the volume was 
measured by determining the average diameter and the length 

In order to do this the cells of each group were laid out m parallel shallow 
grooves cut m the surface of a layer of piaraffin wax cast m a covered Pyrex dish 

In order to pre\ ent the cells from altering their positions m the grooves they were 
confined hghtJy by means of glass stnps cut from microscope shdes laid over the 
grooves but exerting very slight pressure Solutions similar to those used subse 
quenlly m the experiments were then introduced to the depth of about li inches 
over the cells In order to reduce changes in the pH due to cell metabolism the 
solutions were changed frequently The diameter was measured by brmging a 
microscope over the cell and determuiing the diameter at several points, by 
means of a Zeiss travelling ocular miaoroeter The length was determmed by 
photographing at the prescribed tunes, and measuring the length of the cell on 
the plate by means of a Starrett vermer cahper reading to 0 DOS cm This pro- 
cedure was used because the ends of the celb arc not parallel plane surfaces so 
that it was necessary to be sure that the measurements were made between the 
same two pomts This could be done by means of the photographs which could 
be measured all at one time althou^ taken several days apart In the length 
photographs the magnification factor was about 1 75 and m order to reduce all 
measurements to the same terms an unchanging reference of length and diameter 
was provided This consisted of a length of mechanical pencil "lead" which 
because of its method of manufacture, extrusion under great pressure through a 
die IS very uniform m diameter 

No volume data wiU be given smee it was found that the cells did not change 
m volume by more than the experimental error Dupheate measurements on a 
single cell indicated that the radius could be determined to about 0 4 per cent 
and the length to about 0 5 per cent*’ 


** Smee the volume of a cylinder is given by the expression V ■« » W the error 
of the volume due to the error m the measurement of f would also be ±0 S The 
error m V due to the error m the measurement of r can be found by solving the 
partial differential 


ar 

dr 


dr 


2 Tt I dr 


{FeotwttrontnutiwfoVneintPs <) 
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The External Solutions 

Except where otherwise stated, the solutions to which the cells were exposed 
were prepared by mixing suitable amounts of potassium chloride, potassium bi- 
carbonate, and calcium chloride solutions with distilled water, and bringmg them 
mto equihbrium with the CO 2 of the air by prolonged aeration The pH thus 
depended on a CO 2 bicarbonate s)’'stem Since the former was fixed the various 
pH’s were secured by altermg the amount of the latter 

RESULTS 

Illumination — In view of the findings of Hoagland, Hibbard, and 
Davis^ that illumination had an important effect on the accumulation 
of the bromide chloride, and nitrate 10ns in the case of Nitella clavata, 
it seemed desirable to determme if the entrance of potassium into 
Nitella flexilis is also dependent on hght In the two experiments per- 
formed, the cells were exposed to external solutions having the follow- 
ing composition, KCl 0 000900 m, KHCO3 0 000100 m, CaCh 0 000025 
M The mitial pH was 7 This changed slightly as indicated in 
Table II The experiment was performed m a room which at the start 
had a temperature of 17''C Owing to the heating effect of the illumi- 
natmg system, this rose during the experiment These changes are 
also recorded in Table II The results are illustrated by Fig 1 
It is seen that the increase m the concentration of potassium in the 
dark m 96 hours is 40 7 per cent, and in the light 37 2 per cent It 
appears therefore that the rate of entrance of potassium does not 
depend on illumination This is perhaps the more surprising m view 
of the fact that in the hght the pH rose, indicating considerable photo- 
synthetic activity It IS perhaps worth while mentioning also that in 
these experiments there was no nitrate ion in the external solution, so 
that the mechanism of entrance based on nitrate transformation to 
protem discussed in a previous paper cannot apply here 

The Influence of External pH — ^It has been shown that the penetra- 
tion of K+ into Valonia macrophysa is markedly affected by the exter- 
nal pH, in spite of the fact that the cell tends by means of its metab- 

To do this the average values for r = 0 025 cm and I = 60 cm were used Whence 
at appears that the error due to r where F = 0 01177 is 0 000094 or nearly ±1 per 
cent The total error therefore in volume measurement may have been ±15 
per cent 
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obsm to nullify artifiaal changes m the pH of the sea water In the 
dark, the cells fail to grow and under these conditions the intake of K 
ceases, and when the pH is lowered to the point where (K ) (OHj) > 
(K.) (OH.) there isaslowreplacementofK+insidehyNa+ 


TABLE n 


Time 

ItluminatioD 

Temperalure 
of extenul 
eolueloa 

pU of f itexoa] 
soluUoa 

K 

co&cenlrattoQ 

pH of up 

Irs 


c 


ir 


0 

Light 

21 0 

6 80 

0 04359 

6 05 

0 

Dark 


6 90 

0 043S9 

6 05 

24 

Light 

20 4 

7 4S 

0 04&S4 

6 05 

24 

Dark 

20 7 

— 

0 04896 

6 00 

48 

Eight 

18 9 

7 42 

0 05454 

5 80 

48 

Dark 

19 4 

6 60 

0 05547 

5 85 

96 

Light 

21 1 

7 20 

0 05978 

5 95 

96 

Dark 

19 5 

6 80 

0 06131 

5 85 



Hours 


Fig 1 Time curves showing the penetration of potassium into NUella, in the 
light and m the dark The curves arc drawn free band to give an approximate 
fit this applies to all the figures 


Similar e^Tpenments have been earned out with NttcUa using the 
technique desenbed earlier in this paper In these expeninents the pH 
wasmaintainedbymeansof a bicarbonate CO system The solutions 
were imtially m equilibrium with the COj and the proportion of bicar- 
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bonate ion added was varied The concentration of CaCb was uni- 
fomily 0 0005 m 

Figs 2 to 5 illustrate quite clearly that the rate of entrance of potas- 
sium at any external concentration from 0 00010 m to 0 0100 m does not 
depend on the external pH at least between pH’s 6 and 8 It is 



Fig 2 Time curves showing the penetration of potassium mto Ntlella in the 
dark at different external pH values, the external concentration of potassium 
bemg 0 00100 Ai m all cases 



Fig 3 Tune curves showmg the penetration of potassium mto Nitella in the 
dark at different external pH values, the external concentration of potassium 
bemg 0 0100 ii m all cases 

necessary to pomt out that no conclusions should be drawn from these 
experiments as to the effect of external concentrations of K+ on the 
rate of entrance of potassium, smce cells from different collections, not 
necessarily reacting exactly alike, were employed in different expen- 
ments But this does not apply to the effects of pH since in each 
experiment where the pH was varied the cells were from the same lot 
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External Concentration of Pofassttan — In the case of Valonta it has 
been shown that the rate of gam of potassium moles at the same pH 
increases with increasing concentration of potassium in the sea water 



Fic 4 Time curves showing the penetration of potassium mto NiUlta in the 
Lght at different external pH values the external concentration of potassium 
being 0 00100 u in all cases 



Fio 5 Time curves sbomng the penetration of potassium into Ntfdh in the 
light at different external pH values, the external concentration of potassium 
being 0 00010 u in all cases As the experunents were performed m the light, 
photosynthesis may have raised the pH just outside the protoplasm to higher 
values than those here slated 

Similar experiments with NtlcUa have now been earned out In 
these experunents the concentration of K.+ m the external solution was 
vaned from 0 0100 it to 0 00010 Mwithout damage to the cells Nitella 
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IS less sensitive in this respect than Valoma with which it was not 
possible to reduce the potassium content of the sea water by more 
than 1/2 or to increase it by more than 4 times without injury occurnng 



Fig 6 Time curves showmg the penetration of potassium into Ntiella m the 
hght at different external potassium concentrations, the pH being 7 0 in all cases 



Fig 7 Tune curves showmg the penetration of potassium mto Nxtella m the 
hght at different external potassium concentrations, the pH bemg 7 0 m all cases 

in a short time At the start of the expenments with Ntiella the pH 
was adjusted to about 7, correspondmg to a concentration of about 
0 0001 M bicarbonate ion in a solution saturated with CO 2 at atmos- 
pheric pressure 
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The results of the experiments are given in Tigs 6 to 9 
As the figures show, the external concentration of potassium (be- 
tween 0 01 M and 0 001 ii) has not much eSect on the rate of entrance 



Tig 8 Time curves showing the penetration of potassium into NtteJla in the 
light at different external potassium concentrations, the pH being 7 0 in all cases 



Fig 9 Hmc curves showmg the penetration of potassium into A 
light at different external potassium concentrations, the pH being TOu 
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But when the concentration is lowered to 0 0001 m, the rate decreases 
sharply 


DISCUSSION 

It has been suggested that the entrance of cations into the vacuole 
of the large single cell of Valoma, may depend on the gradient 
(Ko) (OHo) — (K.) (OH,), where K and OH are the concentrations of 
the potassium ion and hydroxyl ion respectively, and the subscripts o 
and z refer to the external solution and the cell sap However, in the 
case of Nttella it has been shown above that when the external concen- 
tration of potassium is as low as 1 X 10“* molar, and the external OH 
activity IS 1 X 10"®, K+ still enters, although the internal concentra- 
tion of potassium is about 10~^ ® and the internal OH activity is not 
less than 10~®, so that the product (K) (OH) is higher inside 

This IS not surprising since the cell has energy at its disposal 
Our problem is to ascertain how the energy is apphed to bring 
about this result In the case of Valoma we have a hint on account 
of the effect of external pH and we may set up the working hypothe- 
sis that potassium enters chiefly as KOH In Nttella we gam no 
such hint from the present experiments though it is possible that 
we may obtain it when lower concentrations are studied 

There are, however, other factors which may affect the rate of 
entrance It might be suggested that the internal activity of the 
potassium may differ greatly from the concentration found by analysis 
However, if it is permissible to apply calculations of Zscheile*^ in the 
case of Nttella clavata, it is clear that the internal lomc strength does 
not differ sufficiently from that of the external solution to account for 
the entrance of potassium For example, the value of (Ko) (OHo) m 
the case ]ust quoted is about 10~^^ so that if OH, = 10~®, K, may not 
exceed 1 X 10~®, hence if the internal concentration is 10~^ ® the 
activity coefficient of the potassium ion would have to be 10“^ ’’ to 
make the products equal 

But if the lomc strength is inadequate to account for the low po- 
tassium activity, it might be argued that the potassium in the cell 
may be part of a non-polar compound This question has been 
discussed in a previous paper, and it has been concluded that the 

^^Zscheile, F P , Jr , Protoplasina, 1930, 11, 481 
Jacques, AG,/ Gen Physiol , 1934-35, 18, 283 



A G JACQ-CTES AND W J V OSTEEHODT 


979 


possibility of the existence of non polar potassium compounds in 
nature is extremely remote Smce the sap after centnfugalization is 
somewhat cloudy there remains also the possibility that the potassium 
may be present as part of an msoluble, but colloidally dispersed com 
pound The arguments in favor of this possibihty are, (a) the fact 
that potassium salts are known** which are more soluble m non polar 
solvents than m water, and that calcium salts of such compounds have 
actually been isolated from the protoplasm of cabbage leaves and other 
plants (6) the fact that in the shghtly gelatinous sap obtained by 
extracting each cell by hand the potassium concentration was found 
to be about IS per cent greater than in the sap extracted from the same 
cells by crushmg and centnfugalization The difference may possibly 
be due to dilution, but it might also be argued that from the clarified 
sap, which IS not gelatmous, the insoluble colloidal compound has been 
preapitated In order to investigate this point further the foUowmg 
experiments were earned out 

Samples of sap were obtained by crushing the cells and after permit- 
ting the debns, such as chloroplasts, to settle out as much as possible, 
the gelatinous sap was divided mto two portions, one of which was 
analyzed for potassium at once while the second was ultrafiltered 
under 3 atmospheres pressure, through a dense collodion filter, and 
then analyzed for potassium At the same time the rest of the group 
of cells from which the sap was extracted were transferred from dis- 
tilled water to 0 001 xi potassium salt solution for 3 days At the end 
of this time the sap was extracted and analyzed raw and ultrafiltered 
The results are given in Table III 

These results indicate clearly that the sap does not contain colloi- 
dally dispersed potassium, and hence we mav rule out definitely non 
polar potassium compounds and insoluble potassium salts 

It may also be argued that the measured pH of the sap (which in 
our experiments varied from S 3 to 6 0) does not represent the true pH 
at the interface between the sap and the internal surface of the proto 
plasm However, in the case quoted above, in order to permit the 
entrance of potassium it n ould be necessary that the internal pH at the 
mterface be as low as 3 3 This could only happen if the cell were 

'• Hundeshagen, F , / prail dim 1883, 28, n s 219 

’'Smith J A. B , and ChibnaU A C Etocitm /, London, 1932 26, 1343 
Chibnall A C and Channon, N J , Btochem J , London, 1929, 23, 176 
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capable of producing an acid stronger than II2CO3 or if a supersatu- 
rated solution of CO2 could be produced The latter is improbable 
since the protoplasm is highly permeable to CO2 and hence the super- 
saturation of carbomc acid would be limited by its escape to the 
external solution The former possibihty, however, cannot be ruled 
out entirely 

It now remams to examine the possibilities that other gradients are 
more favorable to the entrance of K The question of entrance m 
the form of nitrates or carbonates has already been considered in 
connection with other plants It was pointed out that entrance as 
nitrate, while theoretically possible in the case of flowering plants, 
must be rejected in the case of Valoma In the case of Nitella it is 
also very improbable since no nitrate ion was added to the external 
solution 

TABLE m 


Comparison of Potassium Concentrations of Raw and Ultrafiltered Sap 


Sap of cells before exposure to 0 001 it K solution 

Sap of same cells after 3 days’ exposure 

Description of sap 

Concentration 

K 

Description of sap 

Concentration 

K 

Raw 

Ultrafiltered 

It 

0 0334 

0 0330 

Raw 

Ultrafiltered 

it 

0 0783 

0 0788 


It IS possible, however, that the potassium bicarbonate concentra- 
tion may be sufficient under natural conditions and in the laboratory 
to set up an inward diffusion of potassium bicarbonate Thus in our 
experiments the pH was regulated by the concentration of bicarbonate 
ion, added as potassium bicarbonate, and the concentration of CO2, 
which was in equihbrium with the CO2 of the atmosphere In natural 
pond water in most cases also there is some bicarbonate ion present 
But if potassium bicarbonate enters the cell as such, either the pH 
must increase, and owing to the accumulation of bicarbonate ion the 
entrance must cease, or else the cell must have methods of disposing 
of the ion, such as (a) by displacement by a stronger aad anion, or (b) 
by using the CO2 m the elaboration of orgamc compounds, and thus 
leaving the KOH free to react with another acid, either produced in 
the cell or brought from the external solution (for example HCl) 













A G JACQUES AND W J \ OSTESHOUT 


981 


In our experiments it was found that while the pH as measured by 
the glass electrode varied between 5 3 and 6 0 it did not nse appre 
aably dunng penetration, at least not m the whole volume of the sap 
Any bicarbonate ion therefore which penetrated the sap must have 
been disposed of m some way It does not seem possible that it could 
have been used by the cell to build organic compounds, for such a 
process would presumably require hght espeaally in the formation of 
carbohydrates But as it has been shown above, the rate of penetra 
tion was unaffected by the illumination It seems entirely possible, 
however, that the cell may dispose of bicarbonate ion by means of a 
stronger aad But for accumulation to occur it would be necessary 
that the protoplasm should not be very permeable to the potassium 
salt formed, smce otherwise it would escape too rapidly 
If the entrance of potassium bicarbonate depends simplj on diffusion 
through the protoplasm, the rate should be proportional to the external 
bicarbonate concentration But as a matter of fact, in our expen 
ments on the pH effect the bicarbonate concentration varied from 
about 0 00001 u to 0 001 u without affecting the rate However, 
there remains the possibility that the rate of entrance of KHCOj may 
depend on the rate at which the HCOj ion is being disposed of inside 
As far as we can see at present the only gradient which may possibly 
favor the inward flow of potassium is the potassium bicarbonate 
gradient Faihng this we may assume that in some way, not yet 
known, the "effective” mtemal product" (K) (OH) is less than the 
product calculated from the hydrogen ion activity and the potassium 
concentration 

In studies of the penctrabon of cations in Nitella clavata, Hoagland 
and Davis" found that m several cases the cells were able to remove 
chloride ion so completely from the external soluhon that no test 
could be obtained by means of silver mtrate, so if the penetration takes 
place by simple diffusion of chloride ion, the "effective” internal 
concentration must be practically zero If the chloride enters as 

" Osterhout W J V Free Nal Acad Sc 1935 21, 125 
Hoagland D R, and Davis A R / Gen PAjnaf , 1922-23, 6, 629 
24, 6, 47 Hoagland D R in Contributions to m- 
vcrsitj Stanford Uniiersit) Press 1930, 131 Ho 
and Hibbard P L Plant Physiol , 1928 3, 473 



982 


KINETICS OE PENETRATION XI 


HCl, as IS suggested by the fact that the absorption of strong acids 
(e g HNOa^®) takes place more readily from acid solution, the “effec- 
tive” mternal product of HCl must also be extremely low, smce the 
exhaustion of the external solution took place even when the external 
pH was 5 0 to 5 5 

The question with regard to entrance of potassium is not yet settled 
definitely, but the followmg prehmmary experiment shows that in all 
probabihty there is an external concentration of potassium at which 
no potassium goes in A group of cells was divided into two parts, 
from one of which the sap was extracted (Group 1) for potassium 
analysis, and the other was transferred from Solution A to disbUed 
water for 5 days (Group 2) The sap from a part of this latter group 
was then analyzed for potassium (Group 2, section a), and the rest of 
the group was then transferred to 0 001 m potassium solution for 3 
days, after which the sap was analyzed (Group 2, section b) The 
results are given in Table IV 

Comparmg this experiment with the results in 0 0001 M in Figs 
8 and 9 it seems that there must exist a concentration between 0 0001 m 
and 0, at which the potassium neither goes in nor comes out It is 
necessary, however, to regard this experiment with caution, smce the 
results may merely mean that the low potassium content is due to the 
presence of mjured cells, in the group kept for 3 days m distilled water 
Even the subsequent rise in the potassium concentration in the same 
group of cells, after removal to 0 001 m K solution, is not conclusive, 
although it does suggest that not much injury has occurred Provi- 
sionally it seems probable that potassium can leave unmjured cells 
However, it is clear that for some reason, not yet clarified, the passage 
of potassium from the vacuole to the external solution is impeded much 
more than the flow m the opposite direction 

If we could determme the external activity product at which potas- 
sium neither enters nor leaves we might put the effective product 
mside equal to this at this particular external concentration 

It now remams to consider the question of the rate of entrance of 

of course, it would be possible to obtain this result if part of the cells 
were severely injured and low in potassium, provided others had escaped injury 
and had taken in enough potassium to mask the dilution due to the injured cells 



A G JACQUES AKB V, } V OSTEBHOCT 


985 


potassium In the study of models, ‘ attention has been drawn to the 
importance of the unstirred layers which exist at phase boundanes 
It has been shown that the rate of transfer of potassium guaiacolate 
(which maj be called KG) betnecn two aqueous phases, separated by a 
non aqueous layer of HG, depends on the concentrations of the salt 
in the aqueous phases and the partition coeffiaents of the salt between 
the aqueous phases and the non aqueous phase These deterrmne 
the concentration gradient of KG The consequences are, (o) that if 
the salt nhich diffuses through the non aqueous phase has an amon 
denved from a weak aad, such as guaiacol, the rate of entrance wiU be 
influenced by the external pH, for the pH will determme the product 
(K) (G), (b) that the rate of entrance should increase if the external 


TAHIE IV 


DciciipUQOt ot sample 

CoDctnU&tmn 

K 

Group 1 Sap from colU from Solution A 

u 

0 0560 

Group 2 (o) Sap from cells after 3 days in distilled vv'atcr 

0 0334 

(6) Sap from cells after 3 days in distilled water and subsequenUy 


3 days m 0 001 u K solution 

0 0763 


concentration of K'*' is increased, (c) and finally that if the external 
concentration of the guaiacolate ion is increased the rate of entrance 
of K'*' 15 increased 

The question arises whether the penetration of potassium into 
Nitclla IS m any way related to the penetration in guaiacol models 
The rate in Nitella is independent of the pH and of the potassium 
concentration over a wide range Moreover m order that there should 
be an mwardly directed gradient for potassium it is dear that the 
internal partition coeffiaent must be very low " However, it seems 
probable that other factors are mvolved In the modds, there is a 
large amount of HG, but in Nticlla the amount of HY in the outer 

Osterhout, W J V , / Gen Phystot , 1932-33 16, 529 
^ In the case of the models where the non aqueous phase is guaiacol, the ex 
tcmal and mtemal coeffiaents cannot differ so much, but in the case of hving cells, 
where there are at least two non aqueous lajers, which ma> be \er> different 
\er> different partition coeffiaents are possible 
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non-aqueous surface is limited as compared with K, so that the rate 
of entrance will be determined chiefly by this limitmg factor This 
point has been discussed m the case of ammonia concentration^® and it 
has been shown that if as a necessary preliminary to penetration a “re- 
versible” reaction NH4OH -f- HZ ;=± NH4Z + H2O takes place in the 
non-aqueous surface layer, the rate of penetration must necessarily 
increase more and more slowly as the external concentration of NH4OH 

increases, ^ ^ ^ must decrease (here r is rate of entrance and c is the 

external concentration) until it practically becomes independent of 
the NH4OH concentration If in the penetration of potassium into 
Nitella a similar reaction, KOH -}- HZ KZ -f H2O, takes place, 

a similar diminution in ^ must occur 

dc 

This IS entirely in keeping with the result we obtained, that the rate 
of penetration in Ntiella is independent of the external concentration 
of potassium except at the lowest concentrations However, the 
failure of the pH effect remains to be explained Thus, as Figs 7 to 9 

dr 

show, the increase in ^ appears when the product (K) (OH) is be- 


tween 10“!° and 10~“ But from Fig 5, in which the pH is varied 
while K remains constant, it appears that even when the product (K) 
(OH) has fallen to the rate was not different than when it was 
10~i“ But it must be remembered that as the experiments were 
done in the light photosynthesis may have raised the pH just out- 
side the protoplasmic surface to a higher value than that here 
reported 

It may be remarked that if potassium penetrates chiefly as KOH 
its rate of entrance will not continue to increase indefinitely as the 
pH goes up because above a certain pH secondary changes will en- 
sue*^ Hence there will be an optimum pH for the entrance of 
potassium 

SUMMARY 


The rate of entrance of potassium into Nttella flexths has been 
investigated, and it has been shown that (a) at the concentrations 


23 Assuming that the activity coefSaent of KOH is unity 
2 ^ As, for example, in Nildla when leached with dilute NaOH (c/ Osterhout, 
W*" J V , and Hill , S E , / Gen Physiol , 1933-34, 17, 99) 
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Studied the rate is independent of the external pH between 6 and 8 
but It IS possible that at lower concentrations a dependence may be 
found, (A) that it does not vary much with the external potassium 
concentration between 0 01 and 0001 M, but appears to vary more 
with the potassium concentration below this limit 

It has also been shown that the rate is independent of the lUumina 
tion, m contrast with the penetration of hahdes into Nilella clavata 
studied bj Hoagland 

It has been found that potassium leaves the cells m distilled water, 
and smee this does not seem to be the result of mjury, there is appar- 
ently a concentration between 0 and 0 0001 xi at which potassium 
neither enters nor leaves the cell In Valonta increase of external 
potassium mcreases the rate of entrance as shown in the mcrease in 
moles of potassium m the sap In litlella this is true below an external 
concentration of 0 001 si In Valonta this increase is paralleled by the 
increase in entrance of water so that httle or no change in concentration 
occurs, but in Ntlclla no growth occurred during the expenment and 
in consequence the concentration of potassium in the sap increased 

It has been shown that the potassium content of the raw gelatinous 
sap IS no greater than that of its ultrafiltrate, so that it is not possible 
to assume that any of the potassium is bound up in the cell in colloidal 
compounds 

It has been pomted out that all the gradients between the sap and 
the external solution are unfavorable to the entrance of potassium 
except the potassium bicarbonate gradient However, on other 
grounds entrance as potassium bicarbonate is not considered to be 
very probable 

Various modes of entrance are discussed and it has been concluded 
that the subject must be mvestigated further before a defimte answer 
can be given 




CHEMICAL restoration IN NITELLA 
I AamoNiA AND Some of Its Compounds 
B v VV ] \ OSTERHOUT 

[rrom the laboratories of The Rochefeller Institute Jor Medical Research) 
(Accepted for publication October 4 1934) 

Normal cells of Atlella behave very differently toward potassium 
and sodium Between a spot in contact with 0 01 M KCl and one in 
contact with 0 01 m NaCl there may be a p n of 85 mv or more' (this 
IS called the potassium effect) This behavior is completely altered 
when the cells are kept for 2 or 3 days m distilled water The cell 
then loses its power to discriminate between sodium and potassium so 
that the potassium effect is lacking 

The potassium effect may be restored by action currents* and by 
mechanical means ’ It will be shown m this paper that it can also bo 
restored by chemical means 

A typical erperiment is as follows * Cells doprn ed of the potassium 
effect (by remaming for 6 days in distilled water) were arranged as in 
Tig 1 with 0 01 M NaCl at all contacts The substitution of 0 01 M 
KCI for 0 01 M NaCl at C (at I m Tig 2) did not make the P D more 

> Osterhout W J \ J Gen Physiol 1929-30 13, 7IS 
Osterbout t\ J V and Hill 5 H 2 Gen Physiol 1934-35 18, 681 

’ Hill S E and Osterbout IV J V J Gen Physiol 1934-35 18, 6S7 

* Sunilar results were obtained with cells collected in June and kept in Solu 
tion A (tbis contains calcium cf Osterbout W J V and Hill S E 2 Gen 
Physiol 1933-34 17, 87) These cells (like those found later m summer) showed 
no potassium effect or imtabihty U seems possible that during the season of 
active growth the substances necessary for these effects are not produced in suffi 
cient quantities, perhaps because the raw matcnals are used up in the process 
of growth 

The expenments were performed on Hitella Jlexilis Ag The technique unless 
otherwise stated is sundar to that desenbed m previous papers (c/ Osterbout 
\V J V and Hams E S / Gen physiol 1927-28 11, 391 Osterbout, W 
] T andHlh S E,J Gen Physiol 1929-30 13,547,1930-31 W, 3B3, 473 
1933-34 17, 87 Bbnks, L R / Gen Physiol , 1929-30 13, 361) 
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Fig 1 Arrangement for testing cells (placed on a block of paraffin) with various 
solutions C and D are flowing contacts for changing solutions during recording 
All contacts are made through saturated calomel electrodes GGG represent 
Cambridge string galvanometers with thermionic amplifiers (the measurement 
is essentially electrostatic) The recording instrument was a Cambridge Type A 
string galvanometer in which the single string had been replaced by three tungsten 
wires, each 5^i m diameter Careful cabbration shows the deflections to be propor- 
tional to the applied voltage within the limits of the recording paper here employed 



Fig 2 Photographic record of an experiment arranged as m Fig 1 At the 
start C and D vere in contact with 0 01 m NaCl (E vas omitted) During the 
first part of the experiment all changes were made at C (upper curve) the fact 
that D (lower curve) remained unchanged show’s that the common contact F 
was also free from change 

At 1, 0 01 M KCl was applied to C wnth little result, at 2, it w'as replaced bi 
0 01 M KCl -F 0 0001 M NHa which also produced little result At 3, this was 
replaced bj 0 001 m NHa -f 0 01 Ji KCl This produced a normal potassium 
effect (about 84 mv ) When 0 01 m NaCl was applied (at 4) the p d returned 
to normal At 5, 0 01 m KCl was applied to D, producing a small increase m posi- 
tiviU , somewhat greater than that seen m the upper curves (at 1) 

Temperature about 24°C The vertical marks are 5 seconds apart Previous 
to the experiment the cell was kept m distilled water for 6 da^s 
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negative (as it v ould have done had the potassium effect been present) 
At 2 the 0 01 It K.C1 was replaced* by 0 01 m KCl + 0 0001 ii NHj, 
but as this had no effect* it was replaced (at 3) by 0 01 u KCl + 
0 001 M NHj This concentration of NHj restored the potassium 
effect as is shown by the fact that the F n became about 84 mv more 
negative ’ When this solution was replaced by 0 01 M NaCl (at 4) 
thepjj returned to the normal, showmg that no m;ury had occurred 

In many cases the potassium effect was obtamed with 0 01 u 3CC1 
0 0001 u NHj Apparently the concentration required depends on 
the condition of the cell 

Similar results were obtamed by employing NHiCl (0 0001 ir to 
0 01 m) and tetraethyl ammomum chloride (0 0001 u to 0 01 u) m 
place of NHj, but they gave a smaller percentage of successes than 
NHs, possibly because the latter penetrates more rapidly (NHj appears 
to combme with a constituent of the protoplasmic surface m entenng®) 

The experiment was then vaned as follows Cells which had lost 
their potassium effect by leachmg m distilled water were tested by 
applymg 0 01 ii KCl at one spot as this gave no result the KCl was 
replaced by 0 01 u NaCl Then 0 001 m NHj was apphed for about 
30 seconds After this the apphcation of 0 01 u KCl gave the potas- 
sium effect m nearly all cases An apphcation of 0 01 ii NaCl was 
always made after the KCl to make sure that the negativity w as not 
the result of mjury 

• NHj as here used includes NHjOH 

• Substitution of 0 001 u NHj for 0 01 m NaCl in hving cells produced an effect 
(about 17 mv positive) which was somewhat larger m dead cells (about 28 mv ) 
Substitution of 0 01 M NHiCl for 0 01 ii NaCl produced a negative change whidh 
vaned with the particular lot of cells emplojed (up to 40 mv ) and in dead cells 
a very small negative effect (about 4 mv) Substitution of tetraethyl ammonium 
chlonde 0 01 u for 0 01 M NaCl produced a negative change of about 145 mv but 
this was not wholly reversible since after retummg to 0 01 u NaCl the spot was 
still about 86 mv more negative to 0 01 u NaCl than before (the actual effect, 
aside from injury was probably about 58 mv ) With dead cells the negative 
change was about 16 mv 

In all eapenments the pH of the NH»C1 and of the tetraethyl ammonium 
chloride was about 5 4 

’ In some experiments the restoration of the potassium effect was slow or in 
complete 

• Osterhout, W J V , Froc hat Acad Sc , 1935, 21, 125 
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In other cases the cells were first tested for potassium effect and irritability 
Tvith negative results Then after soaking the entire cell in NH 3 it was tested 
for irntabiht}’’ with 0 01 m NaCl at all contacts This was replaced at one spot 
by 0 01 M KCl or 0 01 M KCl + 0 001 M NH3 which gave a potassium effect 
After this 0 01 ai NaCI was apphed to see if the p d returned to normal In 
some cases no potassium effect was observed untd a second apphcation of 0 01 m 
KCl or 0 01 M KCl + 0 001 m NH3 was made at the same spot ® 

In some cases 0 01 m NaCl was not employed at certam spots until after the 
apphcation of KCl 

In order to determine whether irritability could be restored it was 
necessary to treat the entire ceU (or a considerable portion of it) A 



Fig 3 Diagram of a series of paraffin cups A to F, with a smgle celf of Nilella 
passing through all of them (In each partition the Nilella cell is sealed m with 
vasehne ) GGG as m Fig 1 Ag-AgCl electrodes dip into the cups Cf Oster- 
hout, W J V, and HiU, S E,J Gen Physiol , 1935-34, 17, 87 

lot of cells which had lost their irritabihty and potassium effect were 
soaked m 0 001 m or 0 002 m NH 3 An electrical stimulus givmg an 
outgomg current at B was then apphed (100 to 300 mv n c ) and they 
were then tested for the potassium effect 
In the first set of experiments it was found that soaking for 1 minute 
sufficed to restore the potassium effect but not the irritability In 
order to ascertam the proper length of exposure the foUowmg 
procedure was adopted 

® Restoration of the potassium effect was not regarded as due to NHj when 
preceded b} an action current smce the latter can itself cause an action current 
(footnote 2) 
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Cells Here arranged as m Fig 3 with 0 01 si NaCl m all the cups Then the 
NaCl was replaced by a solution of NHj which was poured in until it filled the 
cups and covered the spaces between them so that it bathed the entire cell After 
15 seconds it was dramed off so that it filled the cups but left the spaces between 
them free from solution m these spaces the cell was surrounded by moist air (the 
cell wall was imbibed with the solution of NHa) The cell was then tested for 
potassium effect and irntahibty and then completely submerged once more m 
the solution of NHs for IS seconds This was contmued until a positive result was 
obtamed ® 

Using this procedure it was found that an exposure (varying from 45 
seconds to 2 minutes) to 0 0005 M or 0 001 si NH> or to 0 01 st NH,C1 
(at pH about 5 4) sufficed to restore the potassium effect and imtabd 
ity m nearly ev ery cell tested 

The action curves w ere hke those m normal cells except that recov- 
ery was often slow in many cases they belonged to types which, 
though occurring m normal cells, were not those most commonly 
encountered in such cells 


DISCUSSION 

How does NHj produce these effects? Alkalmity does not seem to 
be of primary importance smee similar effects are obtained with 
NHiCl 0 01 Mata pH of about 5 4 (where the concentration ofNHj is 
neghgible) Moreover a number of bases were found to have no 
restorative action, c g strychnine, bruane, codeme, veratnne, yohim- 
bine, anihne, and toluidme 

Previous experiments indicate that the potassium effect depends 
chiefly on the higher mobility" or higher concentration of K.+ in the 
outer protoplasmic surface (as compared with Na+) Such a high 
mobihty of K+ does not accord with Walden’s rule' which states that 
mobihty times viscosity is a constant On this basis the mobihty 
ratio (7 k — Un. would be approximately the same m all solvents 
But great differences m mobihty might result from the formation of 

” Oiterbout, W J V,aiidHiU S 'E.,Froc Sac Exp Bwl and ifed , 1934-35, 
32, 715 The alkaloids were dissolved in water without addition of alkab 

" Osterhout W J V , / Gen Physiol , 1929-30, 13, 715, Ergcbn Physiol , 
1933, 36, 994 

" Osterhout, W J V , Ergetn Physiol , 1933 36, 1007 This rule appbes best 
to large ions 
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comples ions If, for example, sodium formed a complex ion of low 
mobilit}^ but potassium did not tbe situation m normal cells rrught be 
accounted for and it would then be necessary to suppose that after 
treatment with distiUed water this no longer happened and m conse- 
quence the mobiht}’’ of Na became approximately equal to that of 
K“. But such an explanation fads where we find that the mobiht)’- of 
Na~ is not changed b}’’ the treatment with distilled water smce the 
concentration effect” of Na'*' remams the same but that of K"*- is 
reduced and becomes hke that of Na^ 

It 'wdl be noted that m Fig 2 the substitution of 0 01 m KCl 
for 0 01 II NaCl causes the r d to become more positive This 
would mdicate that the apparent mobdit}’- of K'*' has become less 
than that of Na~ 

In calculatmg the mobditj’- of we use the equation^ 


P D 


RT u — V 
F u V 



SO that the result depends m part on the concentration of K'^ m the 
non-aqueous protoplasrmc surface Could this be greater than the 
corresponding concentration of Na"^^ 

It does not seem probable that compounds of potassium m the 
external solution can have partition coefficients sufficiently high (as 
compared -with those of sodium compounds) to account for the 
results ” 

But it is possible that potassium may form m the non-aqueous layer 
compounds jueldmg S'” or complex ions of the type (KZ)'^ and that 
this may take place to a much greater degree "with potassium than with 
sodium If (KZ) ~ were formed we should, m determimng the concen- 
tration effect, measiue a diffusion potential mvol'vmg both K'"' and 
(KZ)~ which would give a higher value for potassium than for sodium 

” Solvation TTitli the non-aqueous organic solvent forming the surface la> er 
might pla> a role but it does not seem probable that it could eiqilam the difference 
m behawor of K'^ and Na'^ 

” £ g the P D betveen 0 01 m and 0 001 m NaCl m the protoplasmic surface 
C/ footnote 1 

^ Shedloi-sLi , T , and Uhhg, H H 7 Geh Physiol , 1933-34, 17, 549, 563 
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If this did not happen in cells treated with distilled water” the observed 
result might be accounted for Such compounds would presumably 
have very httlc solubihty m water " 

How ammonia alters these, or other vanables, to restore the potas- 
sium effect cannot be stated at present Experiments are bemg made 
to ascertain what other substances act in similar fashion ” 

One way of attaching this problem is to ascertam whether ammonia 
affects the behavior of K+ and of Na+ alike For this purpose the 
concentration effects were determmed ’* It was found that on re- 
placmg 0 001 ii by 0 01 ii NaCl m cells leached with distilled water the 
concentration effect was about the same as in normal cells But the 
concentration effect of KCl was reduced to approximately that of NaCI 
Hence it is apparent that leachmg affects the behavior of potassium 
very much more than that of sodium It may conceivably prevent 
potassium from combimng with substances m the surface layer and 
hence may decrease the concentration of K.+ or as compared 
with that of Na+ Or it may alter the mobihty of K'*' 

It may be added that when the potassium effect is rapidly restored 
(withm 10 seconds or less), as may happen when 0 001 u NHj -f 0 01 
M KCl 15 placed on a spot which previously showed no potassium effect 
with KCl alone, its action must be largely confined to the outer proto 
plasmic surface layer For in this bncf mterval it must pass through 
the cellulose wall (about 10 microns thick) and it does not have time 
to penetrate the protoplasm to any great extent 
Let us now consider imtabibty Previous experiments mdicate” 
that unless the non aqueous surface is broken down by the apphed 
E M r , or becomes more permeable, no action current results If the 
surface layer is so changed by the Icachmg that it cannot so readily 
break down or become permeable, irritability will be correspondmgly 

’• Je because certain substances had been reino\ed from the surface lajer 
” Compounds of sodium and potassium less soluble m water than in some 
non polar solvents have been described by Hundeshagen (c/ Jacques, A G , 
/ Gm P/iynof, 1934-35,18, 283) 

'• The techmque was as described in a former paper (c/ footnote 1) 
'•Osterhout, W J V, J Cm Phystol, 1934-35, 18, 215 Hill, S E, and 
Oterhout,\V ] V ,J Gen P/i>Jiol , 1934-35, 18, 377 
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dunmished On this basis the restorative action of ammonia would 
depend on its abihty to restore the sensitivity of the layers, particu- 
larly of that at the inner surface which seems to be the one chiefly 
concerned 

On this basis we should expect the potassium effect to be restored 
more rapidly than irntabihty by NH3 smce the potassium effect 
depends on the condition of the outer surface This agrees nuth 
observation (But m experiments with NH4CI this was not the case 
the reason for this is not clear ) We should hkewise expect the potas- 
sium effect to disappear before irntabihty when cells are placed in 
distilled water This often happens^ but in some cases irntabihty 
disappears first 

On the basis of what has been said we should expect irntabihty and 
the potassium effect to be restored by any substance which can put the 
surfaces into a condition similar to that found m normal cells m winter^' 
and it seems possible that this might be done by a variety of sub- 
stances We need not suppose that all cells which show irritabdity 
and the potassium effect have precisely the same composition and 
mdeed the notion of uniformity m this respect is opposed by a variety 
of evidence 

We must also bear m mind the possibility that NH3, NBft, and 
tetraethyl ammonium cause R to pass from the vacuole into the proto- 
plasm and thus restore the irntabihty and the potassium effect 

Osterhout, W J V , / Gen Physiol , 1934-35, 18, 215 It should be borne 
in mind that the inner protoplasmic surface layer does not appear to change its 
behavior toward potassium smce the p d across the protoplasm does not dimmish 
as the result of treatment with distilled water (this p d appears to be due to tlie 
gradient of K+ across the mner protoplasmic surface) 

In summer the cells as a rule do not produce action currents when stimulated 
electrically 

-- For example, the potassium effect is not always the same in magnitude or 
in the time required to reach a steady value, indicatmg that the outer surface is 
variable Cells which are irritable may show different forms of the first part of the 
action curve, mdicating that the inner surface is variable (Hill, S E , and Oster- 
hout, W J V , / Gen Physiol , 1934-35, 18, 377 Osterhout, W J V , and Hill, 

S E , 7 Gen Physiol , 1934-35, 18, 499) 
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SUMMARY 

The potassium effect m Nitella (the high p D observed m leadmg off 
from a spot m contact with 0 01 M K.C1 to one m contact with 0 01 M 
NaCl) and the imtabihty can be removed by placmg cells m distilled 
water for 2 or 3 days They can be restored by NHj or b> NHiCl 
The potassium effect can also be restored by tetraethyl ammonium 
chlonde (no tests were made of its abihty to restore irritabihty) 
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